University of Wollongong

Research Online
University of Wollongong Thesis Collection

University of Wollongong Thesis Collections

2002

The development of rock coast morphology on
Lord Howe Island, Australia
Mark Edward Dickson
University of Wollongong

Recommended Citation
Dickson, Mark Edward, The development of rock coast morphology on Lord Howe Island, Australia, Doctor of Philosophy thesis,
School of Geosciences, University of Wollongong, 2002. http://ro.uow.edu.au/theses/1987

Research Online is the open access institutional repository for the
University of Wollongong. For further information contact the UOW
Library: research-pubs@uow.edu.au

THE DEVELOPMENT OF ROCK COAST
MORPHOLOGY ON LORD HOWE ISLAND,
AUSTRALIA

A thesis submitted in fulfilment of the
requirements for the award of the degree of

DOCTOR OF PHILOSOPHY
from

UNIVERSITY OF WOLLONGONG
by

MARK EDWARD DICKSON
(BSc. Hons, Massey University)

SCHOOL OF GEOSCIENCES
UNIVERSITY OF W O L L O N G O N G
2002

This work has not been submitted for a higher degree at any other academic institution and,
unless otherwise acknowledged, is m y o w n work.

Mark Edward Dickson

Lord H o w e Island, southwest Pacific

1

Abstract
Lord H o w e Island, situated 600 k m east of Australia, provides a unique opportunity to study the
development of rock coast landforms and the long-term planation of an oceanic island. The island
is a remnant of a large shield volcano that w a s built by late-Miocene hotspot volcanism. Since this
time, the island has gradually migrated northward into warmer seas, and marine planation, operating
at a decreasing rate over time, has reduced the island to a vestige of the original volcano.
Lord Howe Island currently lies at the southern limit to coral growth. A fringing coral reef has
developed on only the western side of the island, such that one side of the island is very effectively
sheltered from wave attack, while the other side is exposed to waves of unlimited fetch. The
contrast between landforms on each of these coastlines provides a clear illustration of the
importance of wave erosion in rock coast evolution: the reef-protected coastline consists of
depositional beaches, vegetated hillslopes, diminutive cliffs, and basalt shore platforms that are
veneered with talus, whereas the exposed coastline includes precipitous basalt cliffs up to 800 m
high that are plunging or have cliff-foot talus slopes, and cliffs 200 m or less high that have actively
eroding shore platforms. Variation in rock resistance also exerts a clear control on coastal
morphology at Lord H o w e Island. Rock resistance was assessed through Schmidt H a m m e r testing
as well as measurements taken on discontinuities within rocks, and wave characteristics were
assessed with bathymetric data and data on the local w a v e climate.

At Lord Howe Island, talus slopes occur beneath cliffs where a critical size of cliff face has su
sufficient talus to offset w a v e abrasion and removal of talus during the Holocene highstand.
Plunging cliffs or shore platforms occur where source areas are smaller. In some areas, a critical
depth of water prevents waves from breaking against the cliff face and plunging cliffs occur
irrespective of rock resistance. W h e r e water depths are shallower, however, plunging cliffs only
exist if the resistance of rocks exceeds the assailing force of waves. In this respect, time is a crucial
factor, as rock resistance is gradually degraded by weathering processes.
Type B shore platforms have developed along sections of coast where the assailing force of waves
has exceeded rock resistance. There is a close positive correlation between the elevation of shore
platforms and nearshore water depth, and this indicates the important role of breaking waves in
shore platform formation at Lord H o w e Island. Several other factors indicate that platforms at Lord
H o w e Island have been strongly influenced by wave erosion, particularly the fact that platforms on
the exposed coastline are wider than platforms on the lagoonal coastline. However, weathering
processes become more important as platform width increases, and platforms become lower and
flatter as they become wider. This thesis proposes a four-stage model of Type B , microtidal shore
platform development at Lord H o w e Island. The model attempts to synthesise divergent hypotheses
in the literature with a time-based perspective of platform evolution.
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1. Introduction
Lord H o w e Island is a small, basaltic oceanic island that is located in the northern Tasman Sea
about 800 k m E N E of Sydney at latitude 31° 33' S and longitude 159° 05' E (Figures 1.1 and
1.2). The island is crescent shaped, approximately 11 k m long and 0.5 to 2.5 k m wide, with a
geomorphology that is dominated by the high southern massifs of M o u n t G o w e r (875 m ) and
Mount Lidgbird (777 m ) . The island is generally low-lying between Intermediate Hill (250 m ) ,
and the North Ridge, although the summit of Transit Hill is 121 m above sea level. Malabar
Hill (209 m ) is the highest peak in the eastern part of the North Ridge, while M o u n t Eliza (147
m ) dominates the western part of the ridge.

Lord Howe Island is the subaerial remnant of a large shield volcano that rises from ocean floor
at least 1800 m deep (Figure 1.3). The island formed through hotspot volcanism during the late
Miocene (McDougall et al., 1981); since this time, marine and subaerial erosion processes have
reduced the island to the vestige of the former volcano. In particular, the extent of marine
planation is indicated by a broad and near-horizontal submarine shelf that surrounds the island
on all sides in water depths that are generally less than 60 m . M a n y of the coastal landforms
around Lord H o w e Island bear the signature of modern processes, but spectacular cliffs
hundreds of metres in height imply a long-history of erosion.

The primary objective of this thesis is to describe and interpret the diverse rock coast
geomorphology of Lord Howe Island, and to comment on the long-term history of processes that
have reduced the island to the vestige of a much larger volcano.

Geomorphological studies conducted on oceanic islands benefit from the fact that islands have a
restricted area and definite boundaries, so they can be treated as effectively closed systems
wherein the interaction of particular environmental variables can be comparatively easily
studied (Wallace, 1895). Moreover, controls on landform development on islands are generally
simpler and can be defined more precisely than on continents, island climates often exhibit less
variability than continents, and islands are geologically simple and without the complex
structural and tectonic characteristics of m a n y parts of continents (Nunn, 1994). In addition to
these factors, islands without encircling coral reefs are generally considered to be relatively
stable isostatically (Menard, 1983). The depth and gradient of the planated shelf that surrounds
Lord H o w e Island indicates its stability, and it is possible that stability m a y have been enhanced
by the position of the island at the edge of the rigid continental crust of the Lord H o w e Rise.
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Figure 1.1 - Lord H o w e Island showing place names.
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Figure 1.2 - Bathymetric m a p of the Tasman Sea showing Lord H o w e Island and other
major topographic features of the region. Isobaths are in metres (after McDougall et al.,
1981).
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Lord H o w e Island is unique amongst oceanic islands with respect to its current position at the
southernmost limit to coral growth, and the fact that it is one of a chain of islands that are slowly
drifting north into warmer seas that permit the growth of coral reefs. The coral atolls of
Elizabeth Reef and Middleton Reef (Figure 1.2) demonstrate that reef growth is possible north
of Lord H o w e Island, whereas south of Lord H o w e Island, Balls Pyramid has no evidence of
past or present reef growth. Lord H o w e Island has a fringing reef on only the western side of
the island.

Lord Howe Island has a temperate to subtropical maritime climate. Mean monthly maximum
temperatures range from 25.5°C in February to 18.5°C in July, whereas m e a n m i n i m u m
temperatures range between 20.2°C in February and 13.2°C in August (Bureau of Meteorology,
1997).

M e a n annual precipitation is 1,676 m m , but total annual precipitation is variable

between extremes of 2,870 m m in 1910 and 1,000 m m in 1888; in general, summer months are
significantly drier than winter months (Pickard, 1983). Lord H o w e Island has a highly energetic
wind regime as it is exposed both to Trade Winds and Southern Ocean gales. Extreme wind
gusts reach up to 178 krn/hr (1948) and the mean annual m a x i m u m wind gust is 125 km/hr. The
prevailing wind direction in winter is from the southwest, whereas easterly winds dominate in
summer. The consistency of wind at Lord H o w e Island is demonstrated by the fact that wind
speeds of less than 14.4 km/hr occurred for only 45 hours in 1981 (Barker et al. 1983). The
wave climate at Lord H o w e Island is discussed in detail in Chapter 5; at this point it is sufficient
to note that the island is exposed to swell and storm waves from all directions, and that the wave
climate is extremely energetic.

Coral reefs exert a fundamental control on the morphology of oceanic islands. Davis (1928)
observed that islands within reef-forming seas are eroded predominantly by subaerial processes,
and this results in the highly dissected topography c o m m o n to m a n y Pacific islands within the
tropics. Islands outside of reef-forming seas are eroded both by subaerial and marine processes,
but marine processes often dominate as is indicated by m a n y islands in the Atlantic and
Southern Oceans that are surrounded on all sides by precipitous cliffs. Perhaps the best example
of marine planation of a volcanic island lying outside of reef-forming seas occurs only 21 k m to
the south of Lord H o w e Island, where the 551 m-high monolith of Balls Pyramid rises in
spectacular precipitous cliffs from near the middle of a truncated shelf (Figures 1.3 and 1.4). A
third category of oceanic island distinguished by Davis (1928) includes islands that fall within a
belt that is marginal for coral growth. Davis (1928) placed Lord H o w e Island within that
category, and suggested that such islands generally support reef growth during interglacial
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Figure 1.3 - M a p showing bathymetry around Lord H o w e Island and Balls Pyramid. The
planated shelves around the islands extend close to the 100 m isobath (additional detail
is provided in Figure 5.21)
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Figure 1.4 - View from the west of Balls Pyramid. This monolith of rock is 551 m
high and lies approximately 23 k m southeast of Lord H o w e Island (photograph - E.
Bryant).
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periods, w h e n the islands are eroded chiefly by subaerial processes, but are without reefs during
glacial periods w h e n marine planation is m u c h more important.

A result of the current marginal conditions for reef growth at Lord Howe Island is that a
Holocene coral reef has only been established along the western side of the island. This creates
an unusual setting in which the western side of the island is very effectively sheltered from
waves, whereas the eastern side of the island is exposed to waves of unlimited fetch. A s a
result, exposed sectors of coastline are highly cliffed and exhibit a range of erosional landforms,
but the reef-protected coastline consists predominantly of depositional, sandy beaches and
vegetated hillslopes. This contrast provides the most elementary support for Davis' concept of
subaerial erosion of reef-protected islands, and marine erosion of islands that are not encircled
by coral reefs.

The rock coastline of Lord Howe Island is strikingly diverse. This is a reflection of the presence
of a fringing reef on only one side of the island, as well as varied geology and antecedent
topography. In the south of the island basalt lavas have been eroded into near-vertical plunging
cliffs and cliffs with talus slopes. These cliffs are several hundred metres high in places, and
contrast with cliffs cut in basalt lavas to the north of the island, which are 200 m or less high,
and are typically fronted by shore platforms that range in width between 5 m and 50 m . Cliff
heights are m u c h more subdued on the lagoonal coastline, and basalt shore platforms are
veneered by talus. Poorly consolidated aeolianite outcrops occur through m u c h of the low-lying
middle section of the island. The aeolianite has been mapped and dated (Brooke, 1999; Price et
al., 2001), and this provides an important chronological constraint w h e n deciphering the
development of calcarenite shore platforms that have been eroded into the aeolianite. The
morphology of calcarenite platforms contrasts with adjacent basalt platforms, but there are also
marked contrasts between calcarenite platforms cut on the exposed and reef-protected
coastlines. This thesis discusses rock coast landforms such as plunging cliffs, talus slopes and
shore platforms, as well as a suite of smaller-scale erosional landforms such as sea caves,
arches, gulches, blowholes and stacks.

Lord Howe Island is an ideal site to study the evolution of rock coast landforms because of the
natural diversity that the island provides in terms of exposure to wave erosion and
lithology/rock resistance, both of which are factors that have been shown to be primary
parameters of rock coast geomorphology (Trenhaile, 1987; Sunamura, 1992).

Hence, the

fieldwork conducted during this thesis has concentrated on collecting data that illustrates the
varied resistance of rocks around the coastline, the varied erosive force of waves that impact on
the coastline, and the nature of the landforms that have resulted from the interaction between
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these factors. A n effort has been m a d e to synthesise nearshore bathymetry collected during this
thesis with a range of bathymetric data from the planated shelf. This data is important in that it
m a y allow for an assessment of the erosive force of waves at the coastline, but it also provides
an opportunity to examine the longer-term history of marine planation and the historical
development of coastal landforms.

Chapter 2 provides a review of the scientific literature, Chapter 3 discusses the geological and
geomorphological evolution of the island, Chapter 4 provides a description of coastal landforms,
and Chapter 5 summarises methods and results. The evolution of coastal landforms at Lord
H o w e Island is discussed in Chapters 6 and 7, and Chapter 8 provides a synthesis of the
evidence together with thesis conclusions.

8

2. Literature review
2.1 Introduction
Rock coastlines form a spectacular and varied component of coastal scenery. A large part of the
variability in rock coastlines throughout the world is attributable to differential rock resistance,
with hard rocks generally eroded into high and precipitous cliffs and softer rocks into lower
cliffs; this literature review is concerned principally with hard rock coastlines. Despite the
difficulties associated with studying resilient landforms that change very slowly through time,
there is a long history of geomorphological study regarding the evolution of sea cliffs and shore
platforms that have been cut in hard rocks. The foundation of these studies lies with the work of
two eminent naturalists: Darwin (1844, 1846), w h o considered the development of the hard rock
sea cliffs that fringe oceanic islands and parts of South America, and D a n a (1849), w h o
discussed the development of shore platforms in the northern part of N e w Zealand. Descriptive
analyses of the evolution of rock coastlines dominated until the middle of the twentieth century,
with geomorphologists such as Cotton (1916, 1949, 1951a, 1951b, 1951c, 1955, 1963, 1967,
1969a) contributing a wealth of ideas. In the last couple of decades, research has focussed on
quantitative measurements and modelling through the work of geomorphologists such as
Trenhaile (1987, 1989, 2000, 2001a, 2001b, 2001c) and Sunamura (1992). However, rock
coasts, which yield very slowly to modern erosion processes, continue to represent a difficult
research subject and a number of the most fundamental questions regarding their evolution are
still unclear.

This literature review is written in three sections: firstly (2.2), a context of research at Lord
H o w e Island is set through a review of literature pertaining specifically to erosion of oceanic
islands; secondly (2.3), processes of rock coast erosion are reviewed; and thirdly (2.4), a review
is presented of literature that deals with shore platforms and plunging cliffs.

2.2 Erosion of oceanic islands
Oceanic islands can be classified in a number of ways, but a broad genetic distinction can be
drawn between islands that develop at plate boundaries and those that develop at intra-plate
locations. Intra-plate islands can be further divided into island groups that fall in clusters and
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linear island groups that are thought to be associated with volcanism either at a fixed point or
along a linear fissure. The Lord H o w e chain of volcanoes is a linear island group, as are a
number of island groups in the central Pacific including the Hawaii, Marquesas and Tuamotu
groups (Nunn, 1994).

It is a characteristic of many linear island groups that there are regular changes in the age and
size of islands along the chain (Nunn, 1994). This characteristic provided a basis for Darwin's
(1842) famous theory of coral atoll development, as well as comments by D a n a (1849, 1850,
1890) and Davis (1928) that the extent to which islands are eroded is also an indication of their
age. Several other properties of islands are also useful for geomorphological study. Wallace
(1895, p241) remarked that, as compared with continents, islands have a restricted area and
definite boundaries. Hence, islands can be treated as effectively closed systems wherein the
interaction of particular environmental variables can be comparatively easily studied.
Moreover, controls on landform development on islands are generally simpler and easier to
define precisely than those on continents; island climates often exhibit less variability than
continents; and islands are geologically simple and without the complex structural and tectonic
characteristics of m a n y parts of continents (Nunn, 1994). Characteristics such as these led Daly
(1925, p4) to conclude that "the islands of the oceans have ... importance out of all proportion
to their individual areas or their total area, w h e n compared with equal areas of the continents".
It has further been realised that oceanic islands provide a unique insight into the relative
historical level of the land and sea, because "a small island, rising steeply from a deep ocean
basin, can not be differentially warped by the isostatic response of the adjacent basin floor to
fluctuations of sea level" (Bloom, 1970, pl46). Hence, oceanic islands could be thought of as
"graduated measuring rods that record their o w n movement or shift in the level of the sea
around them" (Ladd, 1962, p605).

Owing to the factors noted above, oceanic islands represent excellent environments in which to
comparatively study the w a y in which landscapes are eroded by marine and subaerial processes,
and this has led to a long history of geomorphological research on islands. O n the one hand the
role of wave erosion has been emphasised by researchers such as Lyell (1830), Ramsay (1846)
and Darwin (1846), whereas Dana (1850) was impressed by the rate of subaerial denudation of
Pacific islands. Davis (1928) emphasised the crucial point that oceanic islands inside tropical
waters are surrounded by coral reefs and are therefore largely protected from marine erosion,
whereas islands in cooler waters do not have coral reefs and are therefore subject to both marine
and subaerial erosion.
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Menard (1986) pointed out that the comparative extent of marine and subaerial erosion of
islands is also a function of island size. Whereas larger islands have greater capacity for the
development of river catchments, marine erosion often dominates over subaerial erosion on
smaller islands resulting in m a n y river valleys being left hanging by rapid cliff retreat. Hence, it
is clear that the geomorphology of m a n y islands provides an indication of the relative
importance of marine and subaerial processes.

For instance, marine erosion appears to

dominate over subaerial erosion at the Atlantic island of Tristan da Cunha, as 600 m-high
precipitous cliffs surround the island on all sides and streams enter the sea as waterfalls as they
have scarcely begun to dissect the volcanic shield (Oilier, 1984). B y contrast, at Saint Helena,
Daly (1927) noted that larger streams have eroded at least as rapidly as cliffs have retreated, for
they enter the sea at grade, whereas minor valleys have been truncated by the inwardly
retreating cliffs. Daly (1927) believed that the cliffs bordering Saint Helena were the result of
rapid emergence of the island, which suggests that some of the cliffing m a y have occurred w h e n
the sea was higher than at present. N u n n (1984a) raised the possibility that Tertiary sea level
m a y have neared the cliff tops of a number of Atlantic oceanic islands (including Saint Helena
and Tristan da Cunha), and that no better explanation has yet been advanced to account for the
widespread occurrence of near-horizontal plateaux just above the cliff tops on such islands.

Wentworth (1927) reconstructed sections of Hawaiian volcanic cones in order to estimate the
amount of erosion that has been achieved by marine and subaerial processes. H e concluded that
under conditions similar to those at Hawaii, rates of marine erosion can only approach fluvial
erosion during the early stages of erosion on islands less than about 16 k m in diameter. H e
noted that total marine erosion for the Hawaiian Islands was about one-seventh of the fluvial
total.

This thesis focuses on the long-term retreat of sea cliffs and the development of rock coast
landforms rather than on the dissection of volcano slopes by stream erosion and other subaerial
processes. However, at this point it is useful to provide a brief synopsis of the broad subaerial
erosion stages that occur on oceanic islands. Eruptive irregularities and deep-seated flank
collapses often produce considerable topographic irregularities in the outlines of oceanic islands
(Mitchell, 1998), but m a n y newly extinct islands do retain a characteristic conic shape.
However, the smooth conical profile is rapidly altered by a radial pattern of drainage consisting
of rills and furrows (barrancas). This pattern becomes less distinct through time as non-radial
erosion elements develop. Eventually headward erosion by radially draining streams leads to
river capture and the development of triangular planezes between major streams on the lower
slopes of the volcano. Planezes m a y endure for a long time, but on most volcanoes they are
eventually removed by erosion, and the landscape becomes dominated by a series of radial
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valleys separated by rounded interfluves converging on what was probably the centre of the old
volcano. In the final skeletal stage of subaerial erosion, only a few remnants of resistant rock
(perhaps consisting of dykes or a volcanic neck) rise above the ground surface (Nunn, 1994).

An additional important mechanism of subaerial erosion of island landscapes is through the
development of amphitheatre-headed valleys (valleys that are broad in their upper parts but
narrow to a gorge downstream). T h efirststage in the development of these valleys occurs
w h e n steep rainfall gradients on the newly formed island result in streams cutting narrow gorges
into the volcanic terrain. Chemical weathering operates on the sides of the gorges, which results
in soils that slide in avalanches during prolonged periods of heavy rain. Eventually streams
become so deeply incised that mass wasting keeps pace with downcutting causing parallel
retreat of the valley sides. Once the river attains a graded condition, downcutting ceases and
continued parallel retreat of the valley sides gives rise to the characteristic amphitheatre shape.
Data from Hawaii indicates that at least 800,000 years are required for the development of
amphitheatre-headed valleys (Nunn, 1994).

2.2.1 The process of marine cliff cutting
Under stable sea-level conditions, Richthofen (1886) pointed out that wave erosion of cliffs
could not proceed very far as wave energy is quickly attenuated as waves traverse the shore
platforms that result from cliff retreat. Bradley (1958) measured the width of contemporary
shore platforms cut in soft rocks and suggested that the limit of cliff retreat at the current
highstand is in the order of 500 m .

Flemming (1965) reached a similar conclusion

mathematically, assuming that the outer edge of the platforms occurred in a water depth of
about 10 m . These studies indicate that the extensive amounts of cliff retreat required to form
the high cliffs of m a n y oceanic islands could not have occurred during relatively stable levels of
the land and sea (Cotton, 1969a).

Ramsay (1846) and Richthofen (1886) recognised the necessity for a relatively rising sea level
in order for continued marine erosion, but their purpose w a s only to account for ancient planed
surfaces of the land. Darwin (1846) also recognised the need for a relatively rising sea level,
but he attacked the specific problem of the formation of high sea cliffs (Cotton, 1969a).

Darwin (1846, 1891) observed, in the sea cliffs of oceanic islands and in South America, that
the strata in which the cliffs were cut inclined gently, indicating that the original land surfaces
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must once have extended far seaward of their present position. In a reconstruction of the
approximate original form of one portion of Saint Helena, Darwin (1846, 1891) showed that had
sea level been stable, marine erosion must have removed large thicknesses of rock occurring at
considerable depths beneath the sea. However, coastal surveys indicated that the sea bottom
was rocky and uneven only very close to the shore to a depth of about 9 or 10 metres, whereas
at greater depths the bottom was smooth, gently inclined, and formed offinesediment. Darwin
(1846, 1891) reasoned that at depths greater than about 9 or 10 metres, it seemed impossible that
the sea, under present conditions, could have eroded hard basaltic rock to the thicknesses
required, yet deposited a smooth bed offinesediment.

In seeking an alternative explanation, Darwin (1891, p230) suggested that Saint Helena must
have subsided slowly over a long period of time, as ongoing subsidence would have allowed
erosion to act on the coastline "with fresh and unimpaired vigour". The eroded shore platform
would have slowly dropped to a depth at which fine sediment was deposited on its surface and,
after the formation of a n e w platform, fresh subsidence would then have carried it down, and
allowed it to be smoothly covered up. Cotton (1969a) pointed out that instead of a postulate of
progressive coastal submergence, it is apparent that glacio-eustatic rises and falls of sea level
during the Pleistocene account for the repeated submergence required by Darwin's theory.

Darwin's theory of marine cliffing during slow submergence was neglected by the classic and
textbook theories of marine erosion for more than a century. In part this is due to the fact that
most geomorphologists continued to believe until well in to the early 1900s, that erosion of
submarine rock by waves could occur to depths that were m u c h greater than the 9 or 10 metres
suggested by Darwin (1846, 1891) (Cotton, 1969a). Most early geomorphologists accepted that
erosion could occur to 'wave base', which was a term introduced by Gulliver (1899) to describe
the ultimate depth of a platform of marine abrasion. W a v e base was considered to be the level
at which currents resulting from wave action become so slow that they cannot erode or transport
sediment after it has been deposited. Most researchers (e.g. Johnson, 1919) suggested that the
depth of wave base was about 100 fathoms (183 m ) . If marine abrasion could occur to this
depth, continual cliff recession could occur without the need for subsidence of the land.

Dietz and Menard (1951) argued that there is a fallacy in the concept of wave base. The authors
cited photographs of rippled Globigerina ooze at a depth of 1370 m on Sylvania seamount, as
evidence for the presence of marine currents that are capable of stirring sediments on the sea
floor far below the level of wave base. Dietz and Menard (1951) concluded that because there
is no level of negligible motion in the oceans, no depth could be called wave base in accordance
with any existing definition of the term.
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The 100-fathom depth of wave base was generally assigned on the supposition that the shelf
break also occurred at that depth (the shelf break refers to the distinct change in slope that
separates the gently sloping continental shelf and the more steeply sloping continental slope; it
also refers to the change in slope between the steep submarine flanks of a volcano and the gentle
slope of the truncated shelf that surrounds m a n y volcanic islands). Dietz and Menard (1951)
suggested that the base of vigorous abrasion in the oceans is controlled by the m a x i m u m depth
at which breaking waves form. The authors suggested that this base (termed 'surf-base' by
Dietz, 1963), and not wave base, determines the depth of a plane of marine abrasion.

Taking a factor of 1.5 as the ratio between breaker height and water depth, Dietz and Menard
(1951) calculated the depth of vigorous abrasion off the western coastline of the United States
of America to be about 8.2 m . At the limit to vigorous abrasion, erosion probably ceases to be
an active process, but there is sufficient scour to prevent sedimentation. Hence, Dietz and
Menard (1951) concluded that the shelf-break can only be abrasional in origin and related to a
sea level that was 5 fathoms (about 9 m ) or less above the break. Since this time, Bradley
(1958) and Dietz (1963) have regarded 10 m as the approximate lower limit of surf-base
erosion, whereas Zenkovich (1967) stated that mechanical abrasion is active in the Black Sea to
depths of at least 20 m , but it is very slow beneath 5 to 8 m . Hence, Dietz and Menard (1951)
eventually dispelled wave-base ideas and confirmed Darwin's (1846, 1891) thoughts on the
limit to the abrasion of hard-rock bottoms by waves.

Cotton (1969a) stated that Darwin's theory of cliff retreat during submergence accounts for
reduction in size, or almost complete destruction, of large basaltic islands in the southern belt of
westerly gales. H e noted that such destruction could not be attributed to a single transgression,
and pointed out that submarine platforms of 10 to 15 k m width around Balls Pyramid and Lord
H o w e Island can scarcely be explained except as the result of repeated episodes of marine
erosion in successive Pleistocene transgressions. Cotton (1969a) proposed that slowly rising sea
levels resulted in cliff cutting during successive submergences throughout that period of time
that has seen eustatic rises and falls of sea level. H e further noted that minor transgressions took
place in numerous interstadials, and that wave erosion during such transgressions must have
contributed to the retreat of cliffs, although at a lower level. In a mathematical model of rock
coast evolution, Trenhaile (1989) demonstrated that, in relatively soft rocks, rapid rise in
Pleistocene sea levels with deglaciation m a y have provided conditions suitable for the rapid
development of wave cut surfaces up to several kilometres in width.

With respect to the rate at which marine planation occurs, Menard (1986) recorded a positive
linear correlation between the width of the shelves that surround islands and the age of the
islands. This indicates that older islands have experienced a greater amount of truncation than
younger islands. Data from Atlantic islands and sectors of the Canary Islands indicates that the
rate of truncation m a y be in the order of 0.6 to 0.7 k m / M a for at least 16 M a , whereas data from
the Hawaiian and Marquesas islands indicates truncation rates m a y be 1.1 to 1.7 k m / M a .
However, it appears that truncation m a y be particularly rapid in the early stages of erosion. For
instance, Prince Edward Island is only 215,000 years old, but has a shelf that is 2 to 3 k m wide
indicating that truncation has occurred at a rate of 9 to 14 k m / M a . Menard (1986) suggested
that waves become increasingly dissipated across wide shelves such that erosion rates decrease
through time. H e also noted that the data becomes increasingly scattered for older islands such
that a range of factors probably become important through time. H e observed that Lord H o w e
Island is 14 k m from the shelf edge on the windward eastern side of the island and only 5 k m
from the shelf edge on the leeward western side of the island, and he attributed this to
differential exposure to swell waves (although Lord H o w e Island is more centrally located than
Menard (1986) suggested).

2.2.2 Giant landslides and tsunami
Menard (1956) noted that about 90 % of the sea floor of the Pacific basin is a succession of
hills, valleys, ridges, and troughs. The remaining 10 % of the sea floor is smooth, of which 2 %
is distributed near the margins of continents, and 8 % is distributed around island groups.
Through an extrapolation of submarine slopes that occur around oceanic islands, Menard (1956)
estimated that pre-erosion volumes of oceanic volcanoes were only about 25 % the size of the
aprons of sediment that surround the volcanoes. H e concluded that only a small part of the
aprons could be derived from erosion of the volcanoes, and suggested instead that the aprons
must consist largely of lava flows. However, although some lava flows have been confirmed,
they do not dominate to the extent suggested (Moore et al., 1989). Holcomb and Searle (1991)
suggested that had volcanoes been reduced by giant landslides, especially during their growth,
the extrapolation of present slopes could have greatly underestimated former volcano volumes.

Fairbridge (1950) was amongst the first authors to suggest that topographic anomalies on
oceanic islands, both above and below sea level, might reflect massive landsliding. However,
thefirstdescription of giant landslides was m a d e by Moore (1964) w h o described landslides on
the Hawaiian ridge.

Multibeam and sidescan systems have since been used to collect
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bathymetric and seafloor backscatter data that can be used to distinguish between smooth
seafloor sediments and the blocky seafloor topography that typically characterises landslide
deposits. "It is n o w firmly established that large-scale landsliding is a key process in the
evolution of oceanic islands" (Masson et al., 2002, p2).

Giant landslides have been recognised from the Hawaiian Islands (Lipman et al., 1988; Moore
et al., 1989, 1994), Canary Islands (Watts and Masson, 1995; Masson, 1996; Urgeles et al.,
1998, 2001; Krastel et al., 2001), Reunion (Lenat et al., 1989; Labazuy, 1996; Oilier et al.,
1998), Tristan da Cunha (Holcomb and Searle, 1991), and it has been suggested that landslides
m a y also have occurred at Stromboli and Etna in the Mediterranean (Rust and Neri, 1996;
Tibaldi, 1996).

Holcomb and Searle (1991) argued that sea cliffs and irregular island

topography indicates that landslides have removed large parts of islands in American Samoa,
Western Samoa, the Cook Islands and nearby groups, Tahiti, Moorea and Bora Bora in the
Society Islands, and all of the islands in the Marquesas groups. The authors noted that the
highest sea cliffs in these islands commonly face away from prevailing winds and seas, and reef
commonly protects the islands from marine erosion. Holcomb and Searle (1991) further
proposed that the shield of Saint Helena Island has been predominantly reduced by giant
landslides, and that the high cliffs of m a n y islands in the Southern Ocean could be interpreted as
the headwalls of landslides (including islands such as Gough, Marion, Prince Edward, Saint
Paul, Bouvetoya, Possession and Peter Island). Holcomb and Searle (1991, p 29) concluded
that: "As landslides are attributed a greater role in the reduction of oceanic islands, the role of
marine erosion must be correspondingly reduced because m a n y high sea cliffs formerly
attributed to marine erosion will be reinterpreted as eroded headwalls of landslides."

Two types of giant landslide are generally described: slumps and debris avalanches. A third
type, debris flows, differ in that they only affect the sedimentary cover of submarine island
slopes, whereas slumps and avalanches cut into the volcanic and intrusive rocks of which the
islands are composed. Debris avalanches are the result of a single catastrophic failure, whereas
slumps, which affect m u c h greater thickness of rock, but have a lesser length, are slow moving
events whereby a coherent mass of material creeps over a long period of time. Whereas debris
avalanches are c o m m o n from the flanks of volcanoes in the Canary Islands, slumps are typical
of landslides on the Hawaiian Islands (Masson et al., 2002).

Little is known about the mechanisms that trigger individual large-scale volcano flank
landslides. Large-scale slump-type landslides are driven by gravitational instability and require
no specific trigger, but in some circumstances volcanic eruptions and earthquakes m a y be
important. Large-scale debris avalanches tend to be instantaneous events that are punctuated by
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long periods of apparently stable volcano growth. For instance, in the western Canaries, the
return periods of landslides appear to be in the order of a few hundred thousand years. It is
likely that debris avalanches relate to long-term volcanic build-up to a point where the load on
the volcanic edifice exceeds that which it can support. W h e n this point is reached a relatively
minor trigger m a y be all that is required to initiate the landslide. Triggers m a y include dyke
injection, increases in pore pressure associated with m a g m a intrusion, and climate change,
particular with respect to pressures induced by changing level of groundwater and changes in
sea level (Masson et al., 2002).

Holcomb and Searle (1991) concluded that many single landslides appear to have removed as
m u c h as half the subaerial fraction of volcanoes, and 10 to 20 % of the total volcano edifice.
They added that larger fractions of volcanoes m a y have been removed by repeated landsliding.
O n the basis of reconstructed landslide volumes in the Canary Islands, Masson et al. (2002)
concluded that individual landslides m a y remove as m u c h as 25 % of the subaerial part of
islands, and that, on the whole, debris avalanche deposits around El Hierro and La Palma
account for about 10 % of the total volcano edifice.

Masson et al. (2002) reported that there is no evidence of the occurrence of tsunami associat
with landslides on the Canary Islands, but that tsunami have been reported on the Hawaiian
Islands where landslides are up to an order of magnitude larger than those discovered around the
Canaries. Moore and Moore (1984) claimed that giant landslides can cause mega-tsunami with
runup of hundreds of metres on nearby islands. They based this argument on the presence of
Pleistocene Hulapoe Gravels on south Lanai, and similar strata on Molokai and Maui. In
particular, the authors argued that fossiliferous marine limestone at 171 m and 326 m above sea
level, and soil stripping up to about 375 m above sea level, resulted from tsunami runup
associated with a single mega-tsunami associated with a giant landslide that occurred 105 ka
BP.

Rubin et al. (2000) obtained uranium-thormium (U/Th) dates from the gravel, and

conducted analyses of stratigraphic relationships that indicate that the gravel was not deposited
during a single event. The authors proposed that the gravels record a multi-event, multienvironment sequence of normal littoral and alluvial processes. A n n e Felton et al. (2000)
further demonstrated that the gravels could not have been deposited during a single tsunami, but
they could not exclude tsunami as one of the processes that m a y have deposited single beds
within the gravel.

Young and Bryant (1992) proposed that a giant landslide from Lanai Island, Hawaii, generated
tsunami 105 ka that overran headlands in Australia to an elevation of at least 16 m . Jones and
Mader (1996) investigated this possibility through tsunami propagation modelling and

concluded that the giant landslide could not be the source of a 15 m w a v e along the Australian
coastline. The study indicated, however, that the impact of a 6 k m asteroid in the central Pacific
could generate significant wave run-up along the southeastern coast of Australia.

Notwithstanding these difficulties, a variety of depositional and erosional evidence has been
attributed to mega-tsunami from the eastern Australia coastline and from other localities.
Y o u n g and Bryant (1993) claimed that along the southeastern coastline of Australia, tsunami
have planed off the faces of cliffs, removed talus from raised platforms, and eroded ramps that
rise 16 to 34 m above sea level. Bryant and Y o u n g (1996) further described a suite of bedrock
sculpturing forms that they believe are produced by rapidly flowing water produced by tsunami.
O n the one hand, small scale s-forms are thought to be analogous to fast flowing water in a subglacial environment, whereas potholes up to 10 m deep (and containing a central plug of rock)
are thought to have been bored into resistant bedrock by flow akin to that produced by
tornadoes. Similar small-scale bedrock sculpturing features have recently been described from
mudstone platforms in California (Aalto et al., 1999). In a recent text, Bryant (2001) has
discussed the signatures that tsunami m a y leave in coastal landscapes as well as the mechanisms
by which tsunami can be generated.

2.2.3 Summary of erosion of oceanic islands
Davis (1928) pointed out that oceanic islands in warm waters are surrounded by coral reefs,
which protect hillslopes from wave attack, and are therefore mainly eroded by subaerial
processes. B y contrast, islands outside of reef-forming seas are subject to attack by both marine
and subaerial processes, but it is often the case that marine erosion dominates, as is indicated by
the presence of high sea cliffs and streams that enter the sea as waterfalls rather than at grade.
Menard (1986) pointed out that marine processes are particularly important in the case of small
islands, which offer little opportunity for the development of stream networks.

Darwin (1846) stated that progressive submergence was necessary in order for wave erosion to
have cut the very high cliffs that bound Saint Helena. H e recognised that marine abrasion can
only occur to depths of about 10 m , and that continued cliff-cutting at the same level would
gradually result in reduction of wave energy reaching the shoreline. It is n o w plainly apparent
that eustatic rises and falls of sea level have resulted in erosion of submarine shelves at a variety
of levels, and that through this process, waves have continued to impact on cliffs with the force
required to cause erosion.
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In recent years m a n y studies have reported the occurrence of giant landslides from the flanks of
oceanic volcanic islands. It has been suggested that scarps sometimes remain as the subaerial
expression of these landslides, which indicates that not all sea cliffs are necessarily the result of
marine erosion. Furthermore, studies have shown that individual giant landslides m a y remove
up to 25 % or even 50 % of the entire subaerial volume of islands. Hence, giant landslides m a y
play a dominant role in the evolution of some oceanic islands.

2.3 Processes
Rock coast landforms are the result of a variety of marine and subaerial processes of erosion.
Marine erosion generally results from the hydraulic and abrasive forces that waves exert on rock
surfaces. Hydraulic forces most often occur w h e n air is trapped between the cliff face and
breaking waves. The air is compressed within rock joints, and in some circumstances this can
result in exceedingly high shock pressures. Abrasion occurs w h e n waves entrain sediments that
grind against rock surfaces. The highest abrasive and hydraulic erosive forces occur when
waves break directly against a cliff face. O n a one-to-one basis, waves that break offshore are
significantly less effective as agents of erosion, and standing waves, which do not break at all,
are generally associated with little erosion (Sunamura, 1992).

Subaerial erosion processes refer to a number of forms of weathering and to a range of cliff and
hillslope processes. In situations where cliffs and hillslopes are not influenced by marine
processes, weathering gradually decreases the strength of rocks thereby providing the conditions
necessary for a range of subaerial erosion processes ranging from rain splash and rain wash,
through to soil erosion and deep-seated mass movements (Crozier, 1986). Over time, these
processes tend to reduce the gradient of hillslopes leading to vegetated and gently sloping
terrain such as that observed on the lagoonal side of Lord H o w e Island; however, it should be
noted that in some cases subaerial erosion processes maintain precipitous sea cliffs without the
need for undercutting by marine processes (e.g. Nott, 1990).

In contrast to subaerial processes that operate on hillslopes that are remote from the sea, this
review will focus on weathering that operates on sea cliffs and shore platforms that are also
subject to erosion by marine processes. In this context, it will be noted that weathering m a y be
closely related to the amount of cliff and shore platform modification that can be achieved by
waves (e.g. Stephenson and Kirk, 2000b). Processes such as salt crystallisation weaken joints
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and interstices within the cliff face and in some circumstances, weakening of rocks by
weathering m a y be a prerequisite of wave erosion. At sea level, limestone lithologies are
susceptible to the process of solution, which results in notching and undercutting of the cliff
face (Gill, 1973). In most other lithologies, seawater has the opposite effect of preserving rock
strength because weathering processes operate more effectively on exposed rock surfaces than
subaqueous rocks. It was once argued that waves erode at a level that is largely defined by the
boundary between saturated and unsaturated rock (Bartrum, 1916), but considerable doubt has
been cast on this hypothesis (Trenhaile, 1987). It seems likely, however, that the base level of
vertically eroding weathering processes is limited by the level to which rocks are saturated.

In addition, some rock coasts can be eroded by ice-action and biological agents (Trenhaile,
1987). A n understanding of the action of ice is important for studies of shore platforms and
cliffs in high latitudes, but it is of little relevance at Lord H o w e Island. However, biological
erosion m a y be important, particularly on aeolianite cliffs and platforms.

2.3.1 Wave erosion
The point at which an ocean wave breaks is determined by submarine topography and water
depth in relation to the deep-water characteristics of the wave. W a v e s generally break w h e n a
critical ratio is reached between wave height and water depth; the m e a n value of this ratio is
usually quoted as 0.78, although there is considerable variation (C.E.R.C, 1984). Figure 2.1
demonstrates that broken waves occur w h e n the breaking threshold is met offshore from the
cliff, whereas breaking waves impact on the cliff w h e n the threshold is met at the cliff face, and
standing waves (or 'clapotis') m a y result if the threshold is not exceeded (Trenhaile, 1987,
Sunamura, 1992).

Wave energy is reflected off a cliff face if the depth of water at the base of the cliff exceeds
breaking height of ocean waves. If incoming waves are of approximately the same magnitude
as the reflected waves, wave peaks form that alternately rise and then collapse, but which are
stationary in the horizontal plane. These are referred to as standing waves. The production of
standing waves requires near perfect reflection, so they rarely occur in natural conditions.
W h e n true standing waves do form, they generally do so in front of cliffs in shallow water with
small fetch, or in more exposed areas where cliffs plunge directly into deep water (Trenhaile,
1987). Sunamura (1992) noted that standing waves exert m a x i m u m pressure at about the level

of still water; this value can be calculated using a formula derived by Sainflou (1928) and
modified by Hudson (1952):
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{h + H = hJ
where pm is maximum pressure, px = pgH I cosh(27r/z IL), h0 = (TUH2 IL) coth(2;zfc IL) ,H is
one half of standing wave height, L is wave length at a water depth of h, p is the unit weight of
water, and g is acceleration due to gravity.

Waves breaking directly against a cliff face exert high pressures of short duration. Highest
pressures occur w h e n a wave breaking against a vertical sea cliff traps a pocket of air between
the wave and the cliff. A s the wave approaches the cliff, the air pocket becomes increasingly
compressed until it bursts upwards with a high intensity, short-duration shock (or impact)
pressure (Trenhaile, 1987). A longer period of lower pressure then occurs as the water recedes
(Figure 2.2).

Bagnold (1939) stated that a number of strict conditions must be fulfilled before true impact
pressures occur and only 10 % of waves generated in his laboratory experiments produced
shock pressures. It has since proven difficult to measure shock pressures both in thefieldand in
the laboratory. However, Rouville et al. (1938) met with early success w h e n they recorded a
high wave pressure of 690 kPa at a relatively deep-water field site, and recent advances have
been made by engineers w h o have studied the impact pressures of breaking waves in the field
(e.g. MUller and Whittaker, 1995; Muller, 1997; Bird et al., 1998), through theoretical
investigations (e.g. Zhang et al., 1996; C o x and Cooker, 2001) and through laboratory
experiments (e.g. Chan et al., 1995; Kirkgoz, 1995; Bullock et al., 2001). In geomorphological
studies, Sunamura (1992, p33) derived a formula to calculate the impact pressures exerted by
breaking waves.

The formula is based on the work of Denny (1951), Ross (1955) and

Mitsuyasu (1963), and relates m a x i m u m pressure (pm) to the unit weight of water (p),
acceleration due to gravity (g) and the height of the deep water wave that breaks at the cliff foot
((H0)b):

Trenhaile (1987) noted that high impact pressures can also occur as a result of water hammer.
Water h a m m e r pressures occur when breaking waves strike a vertical structure with a perfectly
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Figure 2.2 - Schematic illustration of pressure-time curves recorded at still water level (after
Sunamura, 1992, p30 and Tsujimoto, 1987, p82).

22

smooth and planar face, such that a thin air pocket is not present between the wave and the cliff.
Models by Bagnold (1939), Mitsuyasu (1966) and R a m k e m a (1978) have demonstrated that
shock pressures increase with decreasing thickness of the air pocket, and because of this, some
have suggested that water h a m m e r pressures m a y provide an upper limit to the pressures
generated by breaking waves. Others argue that true water h a m m e r can never occur under
natural conditions because of the m a n y critical requirements that must be satisfied (Trenhaile,
1987).

High shock pressures and water hammer require critical conditions that substantially restrict
their occurrence and intensity, but Trenhaile (1987) concluded that they probably do occur in
thefield.H e further suggested that the high pressures generated might more than compensate
for their low frequency, especially considering that the removal of even one joint block per
century by shock pressure would account for slow erosion rates in some areas.

Broken waves occur when the critical threshold between nearshore water depth and wave height
is met offshore from the cliff face. Particle motion changes from oscillatory to translatory when
waves break, which results in the formation of a body of highly turbulent and aerated water
moving shoreward; this is termed a bore. Energy is dissipated through bottom friction and
turbulence as broken waves travel across the surf zone. Hence, while broken waves exert a
greater pressure than standing waves, they exert considerably less m a x i m u m pressure than
breaking waves (Figure 2.2). However, Trenhaile (1987) pointed out that, with respect to rock
coast erosion, the lower wave pressures of broken waves is countered to some degree as only a
small proportion of waves actually break against steep natural structures. Sunamura (1992, p35)
calculated the pressure exerted by breaking waves using the formula (hb is the depth of
breaking):

Pm = °-5PShb

Erosive processes generated by waves

Sanders (1968a) summarised the distribution of hydraulic forces that different wave types exer
on sea cliffs and shore platforms (Figure 2.3). These forces are responsible for driving erosion
processes such as quarrying, cavitation, hydrostatic pressures, and abrasion.

Trenhaile (1997) indicated that quarrying is the most important wave erosion process in storm
wave environments. The process occurs when waves excavate rock fragments from a cliff face
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Figure 2.3 - Schematic s u m m a r y of the hydraulic forces that act on vertical sea
cliffs and shore platforms (after Sanders, 1968a, p303).

24

through the action of shock pressures, water h a m m e r and compression of air in rock clefts. A s
Figure 2.3 demonstrates, all wave types can produce pressures that facilitate quarrying, but
shock pressures are only generated w h e n waves break directly against a steep cliff face. The
morphological evidence for quarrying is usually in the form of fresh rock scars and coarse
angular debris consisting of joint blocks and other rock fragments. Robinson (1977) suggested
that quarrying becomes more effective w h e n sand is washed into cracks, and thereby keeps
cracks open. H e called this process 'wedging'. Stephenson (1997) noted that quarrying is
limited in extent over a shore platform since m a x i m u m pressures occur at or close to still water
level ( S W L ) .

Quarrying occurs most readily when breaking waves, or the inrushing bores of broken waves,
result in compression of air in joints (Trenhaile, 1987). Sunamura (1992) described a similar
process, termed wedge action, which also proceeds through compression of air in joints. H e
described the impact of waves as causing, firstly, a sudden compression of the air in interstices,
and secondly (as the wave recedes), expansion of the air through an explosive force that exerts
an outward stress that enlarges interstices. The processes of quarrying, wedging and wedge
action are most effective on rock surfaces that are highly jointed.

Rock surfaces may, under exceptional circumstances, be eroded through cavitation, but there is
little information on the effect and occurrence of this process in the coastal environment
(Sunamura, 1992). Trenhaile (1987) noted that cavitation requires high water velocities and an
absence of air, and these conditions are sometimes met where standing waves occur against the
cliff face.

Hydrostatic pressures increase as water depths increase. Waves cause frequent changes of water
depth, and as such they are responsible for variations in the hydrostatic pressure acting on the
seabed. In the surf zone a shore platform is also subjected to low intensity high frequency
hydrostatic pressure variations, but it remains to be determined whether or not these variations
cause erosion (Trenhaile, 1987).

Waves may result in erosion of rock surfaces through abrasion, which occurs when sand or rock
fragments are swept, rolled or dragged over gently sloping rock surfaces, or w h e n coarse
material is thrown against the face of cliffs. The process relies on the presence of sediments of
a size that can be carried by waves. Abrasion generally results in the formation of smoother
erosional surfaces than those produced by quarrying (Trenhaile, 1987).

Robinson (1977)

demonstrated the importance of abrasion as a mechanism of cliff retreat at northeast Yorkshire,
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England, where he found that shale cliffs fronted by beaches retreated at 15 to 18.5 times faster
than cliffs without beaches.

Another form of abrasion is potholing, but aside from a review by Dionne (1964), relatively
little work has been conducted on marine potholes. Potholes usually occur in the surf or breaker
zone where water can rotate coarse material leading to the formation of cylindrical depressions,
but Alexander (1932) has also suggested that potholes can be produced by rapidly flowing water
without the assistance of rock tools. Trenhaile (1987) concluded that potholing and abrasion are
probably most significant in storm w a v e environments where w a v e action is vigorous and
coarse materials are abundant.

2.3.2 Subaerial weathering
Rock coasts are eroded subaerially through mechanical weathering and chemical weathering
processes. Chemical weathering includes processes such as hydrolysis, oxidation, reduction,
carbonation, hydration, and solution, whereas mechanical weathering proceeds through thermal
expansion and contraction, pressure changes associated with crystal growth, swelling caused by
wetting and drying, frost action, and unloading. These processes generally operate in unison,
the degree of interaction being controlled by environmental conditions (Stephenson, 1997).

Shore platforms are most commonly denuded through the closely related processes of salt
weathering and water layer weathering (Stephenson, 1997). Salt weathering causes erosion
through the pressures that are exerted when salt crystals grow in solution, when salt crystals
expand due to heating, and w h e n volume changes occur due to hydration. The efficacy of salt
weathering is influenced by the nature of the salts and the solutions in which they occur, and the
nature of the environment in which salts m a y cause materials to disintegrate. The properties of
the rocks being weathered are also important, particularly with respect to porosity, the capacity
to absorb water, and the rate at which solutions penetrate (Cooke and Smalley, 1968; Cooke,
1979). In this capacity, igneous rocks are somewhat less affected by salts than chalk, limestones
and sandstones (Goudie et al., 1970).

The physical process of water layer weathering is not fully understood, but most investigators
consider a range of processes to be important including salt weathering, wetting and drying,
chemical weathering, and the movement of solutions through rock capillaries (Trenhaile, 1987).
The process was originally noted in the studies of Wentworth and Palmer (1925) and Bartrum

and Turner (1928), but it wasfirstdescribed by Wentworth (1938) w h o referred to it as water
level weathering'. Hills (1949) suggested that the process should be referred to as 'water layer
weathering', because, as Johnson (1938) had previously noted, the potential existed for
investigators to incorrectly interpret the process as occurring in relation to sea level rather than
the level at which pools of water accumulate.

Water layer weathering operates on flat rock surfaces. Bartrum (1935) noted that pools of wate
one or two inches deep accumulate on these surfaces, and are separated by rounded ridges of
rock. The ridges of rock show signs of superficial disintegration, which occurs as a result of
alternate wetting and drying and perhaps the crystallisation of salts. Wentworth (1938) noted
that the network of dry-topped ridges and pools of water show variations of level that are less
than six inches. H e described the disintegration of these ridges as a physical process that is
similar to the slaking of shales, and which proceeds m u c h more rapidly with alternate wetting
and drying than with continual immersion. H e added that salt crystallisation might break up the
rock, and that during periods of subdued wave action, salt crystals are observed on the platform
surface. Water layer weathering involves drying, such that thermal expansion m a y play an
important role. In this context, sedimentary rocks such as shales and mudstones m a y be
particularly susceptible (Stephenson, 1997).

2.3.3 Solution and biological erosion
Notches and shore platforms that have eroded in limestone lithologies tend to be very closely
related to the level of the sea, and this indicates the possibility that solution m a y be an important
erosion process in limestone terrain. Wentworth (1939) discussed a process he termed 'solution
benching' which he thought to occur chemically on reef limestones (by contrast, water-layer
weathering w a s perceived as a mechanical process that occurs on tuffs). It w a s suggested that
solution benching causes very level platforms with a distinct pitted zone above the bench that
represents an area of active solution. The inland edge of solution benches takes the form of a
nip (or notch) and overhanging visor (see Figure 2.6). Wentworth (1939) suggested that
solution occurs primarily by fresh or relatively fresh water because of the k n o w n saturation of
seawater with calcium carbonate. H e calculated that the 25 inch per year rainfall of O a h u would
cause horizontal widening of limestone benches at the rate of 1 foot every 5000 years. H e noted
that this seemed too slow to account for the width of present benches but did not comment
further (Sanders, 1968a).

27

A large number of studies have since shown that seawater is supersaturated with respect to
calcium carbonate, whereas in order to achieve chemical dissolution of carbonate cement,
seawater must be undersaturated with respect to calcium carbonate (Norris and Black, 1990).
However, Emery (1946) suggested that seawater might still result in chemical dissolution of
limestones owing to the fluctuations in the p H level of seawater that gets trapped on intertidal
shore platforms during low tides. Emery (1946) suggested that photosynthetic and respiratory
cycles of marine algae are capable of adjusting the p H of seawater by the removal or addition of
carbon dioxide. During sunlight hours, carbon dioxide is used up by photosynthesis and p H
rises, whereas carbon dioxide is released into the water at night time by respiring algae, and p H
drops accordingly. Fairbridge (1948) added that fluctuations are aided by temperature, as
carbon dioxide is more soluble in cooler water.

Miller and Mason (1994) tested this theory along the northeast coastline of South Africa. The
monitored p H levels in depressions on an intertidal shore platform, and discovered that the p H
of seawater does rise significantly above average during the day, and lower significantly below
average at night. W h e n the p H of seawater drops, the concentration of carbonate also drops.
W h e n this undersaturation occurs, seawater makes up the deficit by taking solid carbonate into
suspension. Hence, the lower the p H the greater the rate of carbonate dissolution. Miller and
Mason (1994) regarded the measured night-time p H of seawater at South Africa as being very
corrosive in a solid phase carbonate environment, but they noted that a high degree of
corrosiveness was restricted to closed pools of water that support algal growth.

It has also been shown that the contact of saturated or supersaturated groundwater with satu
to supersaturated seawater results in a mixture that is actually undersaturated with respect to
calcium carbonate (e.g. Plummer, 1975). It has been suggested that this m a y account for
solution of rocks in some instances, particularly where the wave environment is subdued. For
instance, Higgins (1980) noted that although m u c h of the coastline of Greece is composed of
limestone rocks, nips and notches are rare. H e found only three places where nips were present,
and each of these localities had discharge of fresh groundwater that was close to sea level
(Norris and Black, 1980).

Biota play an important role in facilitating solution, but organisms are also capable of dir
removing limestones from cliffs and shore platforms (e.g. N e u m a n n , 1966; M c L e a n , 1967a,
1967b, 1974). For instance, an echinoid such as Echinometra lucuntur can remove 14 c m 3 of
limestone per year, such that a densefieldof about 100 individuals per square metre could result
in an erosion rate of 1.4 m m per year (McLean, 1974).
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Focke (1978) noted that it is sometimes difficult to distinguish between the effects of solution
and bioerosion. However, in instances where seawater has been shown to be undersaturated
with calcium carbonate, chemical solution has been observed to leave specific leaching marks
on carbonate substrates (Alexandersson, 1975, 1976) that are easily distinguishable from marks
left by boring micro-organisms.

Focke (1978) noted that limestone cliffs at Curacao,

Netherlands Antilles, only show signs of biodegradation. H e inferred that notches represent
zones of increased bioerosion, whereas platforms are zones of bioconstrucfion, primarily
through vermetid gastropods and coralline algae.

Andrews and Williams (2000) commented that bioerosion is particularly important on tropical
and temperate limestones, but that little is k n o w n about the actual rates of destruction. The
authors analysed the calcium carbonate content of the faeces of captive limpets in order to
determine the extent to which limpets contribute to the downcutting of chalk shore platforms in
southeast England. The analysis provided average estimated rates of downcutting of 0.15 m m
per year, but rates were as high as 0.49 m m per year at sites where there was a high
concentration of limpets. The authors estimated that overall downcutting by all processes,
including weathering, averages between 1.3 and 2.3 m m per year, which indicates that limpets
contribute an average of 12 % of shore platform downcutting, but m a y achieve more than 35 %
of downcutting in some localities. These results demonstrate that bioerosion m a y be an
important factor in both cliff and shore platform evolution.

2.4 Rock coast morphology
The most visible landforms on rock coasts are sea cliffs, which occur along many of the ocean
coasts of the world (Emery and Kuhn, 1982). In Figure 2.4 (a), Emery and K u h n (1982)
indicate that sea cliffs are active if bedrock is exposed by continuous cliff retreat, or inactive if
they are mantled by a talus slope that protects the cliff face from marine erosion (talus generally
slopes at 25° to 30° and supports vegetation). Former cliffs are those that have a fan at the foot
of hillslopes that have been highly rounded by subaerial processes. In some instances cliffs that
have been degraded by subaerial weathering during periods of low sea level have been
reactivated by marine erosion during periods of high sea level. This accounts for the distinctive
'hogs back' cliffs or 'fausses falaises' described from parts of southeast England (e.g. Arber,
1949; W o o d , 1959). Hence, a fourth category of sea cliff 'reactivated' is added to Emery and
Kuhn's (1982) classification.
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Figure 2.4 - (a) Sea cliffs m a y be active, inactive, former, or reactivated, (b) The
morphology of active cliffs can be described through 12 profiles that indicate the
effectiveness of marine (M) and subaerial erosion (SA) on cliffs that have variable
rock resistance (diagonal lines represent resistant beds). Note that subaerial
processes round slopes, marine processes cut precipitous cliffs, and rocks of higher
resistance erode into steeper slopes (after Emery and Kuhn, 1982, p645).
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In Figure 2.4 (b) the morphology of active cliffs is further examined through a matrix of 12 cliff
profiles that reflect the relative effectiveness of marine and subaerial processes that operate on
homogenous to varied lithology. The model did not consider the presence or absence of shore
platforms, which were viewed as transient features produced by marine erosion in the longerterm process of shaping the cliff profile. T h e model indicates that a dominance of subaerial
processes over marine processes results in rounded cliff profiles, whereas dominance of marine
processes over subaerial processes results in very steep cliff profiles.

The following review of rock coast landforms is divided into shore platforms and plunging
cliffs. Smaller-scale erosional landforms, such as sea caves, are considered within this setting.
Sea cliffs that are fronted by talus slopes or fans have received very little treatment in the
scientific literature.

2.4.1 Shore platforms

Shore platforms are horizontal or near-horizontal rock surfaces that occur at the shoreline. T
surfaces are erosional, resulting from the retreat of sea cliffs (Trenhaile, 1997), but there is
disagreement in the literature regarding the extent to which different erosion processes influence
morphology. Accordingly, these features are best referred to with the descriptive term 'shore
platform', rather than the range of genetic terms that presuppose the development of the
surfaces (e.g. wave-cut platform, abrasion platform, marine bench; see Trenhaile, 1987;
Sunamura, 1992; Stephenson, 1997). T w o categories of shore platform have been described:
platforms that slope gently from the cliff-platform junction below the low tidal level, and
platforms that are nearly horizontal but have a distinct scarp at their seaward edge (Figure 2.5).
These platforms are often referred to as Type A and Type B platforms respectively (Sunamura,
1992), although Type B platforms are sometimes referred to as high tide or low tide shore
platforms depending on their elevation (Bird, 2000).

To some extent there are different regional contexts in shore platform studies. A contrast can
drawn, for instance, between the development of shore platforms in microtidal, diurnal swell
wave environments of Australasia, where Lord H o w e Island is located, and the recently
glaciated, macrotidal, semi-diurnal, storm wave environments c o m m o n to the Atlantic
coastlines of Britain and parts of North America (Phillips, 1970). The foundation for shore
platform studies in the microtidal Australasian setting has been set by investigators such as
Dana (1849), Bartrum (1916, 1924, 1926, 1935), Wentworth (1938, 1939), Edwards (1941,
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1951), Hills (1949, 1971, 1972), and Gill (1967, 1972a, 1973). In recent years, quantitative
measurements of shore platform development have been recorded from the Kaikoura Peninsula,
N e w Zealand (Stephenson and Kirk, 1998, 2000a, 2000b), and Sunamura (1992) and Trenhaile
(2000, 2001a, 2001b, 2001c) have developed models that help elucidate the development of
shore platforms in a range of settings.

The majority of shore platforms at Lord Howe Island are Type B. Figure 2.6 presents a
schematic cross-section of a typical Type B platform together with a range of landforms that
m a y be associated with it. The cliff face is often vertical in hard lithologies such as basalt, but
m a y have a subdued profile in weathered, softer materials. In Type B platforms, a ramp often
extends from the horizontal platform surface to the foot of a wave-cut notch, but thereafter, the
platform is essentially horizontal. In contrast, Type A platforms have a constant slope that
extends from the cliff foot beneath low tide level. At the base of m a n y platform-fronted sea
cliffs is a notch that is generally considered to be wave-cut, but m a y be solutional or biological
in the case of limestone lithologies. The notch m a y have a visor above it and a slight
prominence below it, which is termed the plinth. Gutters and rock pools m a y be eroded into the
platform surface whereas seaward ramparts sometimes protrude above the platform surface. At
the seaward edge the platform terminates in a steep scarp that is generally referred to as the lowtide cliff (Hills, 1971). Sunamura (1992) noted the term 'low-tide cliff seems inappropriate
because of the connotation that this type of platform always develop on tidal coasts, and that the
height of the platform should be between high water level and low water level. However, the
term is n o w established in the literature.

Synopsis of a long-standing debate

For more than a century researchers have puzzled over the extent to which rock weathering an
wave erosion processes have contributed to the form of shore platforms. The origins of this
debate can be traced to 'The Old Hat' (a name conceived by von Hochstetter, 1864) at the Bay
of Islands, N e w Zealand, where Bartrum (1916) suggested that shore platforms had formed
solely through subaerial weathering processes that operate d o w n to the level at which rock is
permanently saturated. Bartrum (1916) noticed that in this relatively low wave energy setting,
shore platforms had formed on all sides of the Old Hat. H e subsequently concluded that waves
were merely an agent of debris removal. However, in thefirstpublished theory of shore
platform development some 67 years previously, Dana (1849) had interpreted the same shore
platforms as having formed from wave erosion of a zone of weathered rock.
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Figure 2.5 - The two main categories of shore
platform (after Sunamura, 1992, p142).
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Figure 2.6 - Schematic cross section of a high-tide Type B shore platform. Not all of
the landforms depicted in the diagram are present on every Type B platform, but the
low-tide cliff, horizontal platform surface and steep cliff face are diagnostic (terminology
after Hills, 1949,1971,1972).
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Since this time, there has been a gradual accumulation of evidence that indicates that each of the
processes is important in a variety of settings, and that often the processes operate in
combination (Bell and Clarke, 1909; Bartrum and Turner, 1928; Bartrum, 1935; Jutson, 1939;
Mii, 1962; Kirk, 1977). However, opinion has tended to be somewhat polarised toward wave
erosion on the one hand (Bartrum, 1924, 1926; Edwards, 1941, 1951) and weathering on the
other (Bartrum, 1938; Wentworth, 1938, 1939; Hills, 1949; Healy, 1968; Sanders, 1968a).

Disagreement has been exacerbated in recent years by the results of quantitative measurements
on platforms that indicate that weathering processes dominate on modern platforms (Stephenson
and Kirk, 1998). Yet these measurements do not preclude the possibility that these shore
platforms were initially eroded by waves. Indeed, wave-tank experiments (Sunamura, 1992),
mathematical models (Trenhaile, 2000), and a considerable body offieldevidence all attest to
the erosive capacity of waves.

Trenhaile (2001b) suggested that most platforms are

predominantly wave-cut, but that over time increasing platform width and decreasing gradient
result in attenuation of wave energy to the point at which weathering processes must dominate.

The persistence of the debate seems to stem, in part, from semantics. Stephenson (2000)
questioned whether a marine or weathering origin should be attributed to a platform that has
developed in rock that has been weakened by weathering to the point at which waves can cause
erosion. In such a case, a platform could not develop without weathering and weakening of the
rock, but waves are still required for the removal of material. Y o u n g (1972) demonstrated this
point at Kiama, N e w South Wales, where he remarked that although abrasion and wave impact
m a y result in erosion of the latite shoreline, platform extension seems dependent on prior
reduction of the resistance of the rocks by weathering. At the Kaikoura Peninsula, Stephenson
and Kirk (2000b, p54) maintained that ".. .the most important point is that waves are not able to
reduce the compressive strength of rock. Weathering in contrast, has been shown to reduce
compressive strength and to cause the breakdown of rock. Because the development of shore
platforms is dependent on the reduction of rock compressive strength, then it can be concluded
that subaerial weathering is the cause of shore platform development." In contrast, Trenhaile
(1987) considered the important point to be that weathering is often essential for facilitating
wave erosion.

Much of the ambiguity can be resolved through Sunamura's (1992) empirical evaluation of the
resistance of rocks and the assailing force of waves 1 . Sunamura's (1992) theory is based on the
simple principle that cliff erosion occurs (and shore platforms are initiated) w h e n the resistance
1

Sunamura (1992) originally referred to the 'resistance force of rocks'. However, Belov et a
pi00) pointed out that there is resistance but no resistance force within rock.
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of rocks is exceeded by the assailing force of waves. Rock resistance has generally been
quantified through measurements of rock strength, usually compressive strength, multiplied by
an index that represents the extent of discontinuities within the cliff face. W a v e force has been
predicted with a range of formulae that consider factors such as deep-water wave height, water
depth at the shoreline, and offshore submarine topography. A comparison of these indices
provides an indication of whether or not cliff erosion will occur. A modification to the
approach could see calculations of weathered and unweathered rocks incorporated within the
rock resistance parameter. This would be achieved, for instance, through comparison of Schmidt
H a m m e r rebound values for weathered and unweathered rocks surfaces (e.g. Stephenson and
Kirk, 2000b). A comparison could then be drawn between values for the assailing force of
waves and the resistance of weathered and unweathered rocks. W a v e action clearly dominates
in situations where the assailing force of waves exceeds rock resistance regardless of
weathering. However, if rock resistance requires weathering to bring it below the wave erosion
threshold, a m u c h greater importance can be afforded to subaerial weathering processes. This
approach would address a further question posed by Stephenson (2000) regarding whether, if
both subaerial and marine processes play a role in platform development, waves can cut a
platform without weathering.

Incipient platforms

Geomorphologists have examined the origin of shore platforms through wave-tank experiments
in which vertical model cliffs were subjected to the repeated impact of breaking waves. Sanders
(1968a, 1968b) performed thefirstsuch experiments in an effort to understand the development
of Type B, horizontal high tide shore platforms in Tasmania, Australia. In his experiments,
waves resulted in the formation of a notch in the cliff face, the deepest part of which was
located slightly above still water level (Figure 2.7 a). Sanders (1968a, 1968b) observed that
erosion occurred to near the top of the cliff, and over time, erosion also proceeded below sea
level to the base of the cliff.

Subsequent wave-tank experiments by Sunamura (1975, 1976, 1977, 1982, 1991, 1994) and
Tsujimoto and Sunamura (1984) also recorded development of wave-cut notches in the vicinity
of still water level. Hence, each group of experiments confirmed field data that indicates that
the m a x i m u m pressure of breaking waves impacting vertical walls is exerted at or a little above
the level of still water (Sunamura, 1992). In other aspects, however, the experiments produced
quite different results. A s demonstrated in Figure 2.7, the primary difference between the
studies is that Sanders (1968a, 1968b) failed to record horizontal surfaces within the wave-cut
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Figure 2.7 - The wave tank experiments conducted by Sanders (a) and Tsujimoto and
Sunamura (b and c) had different outcomes, primarily because the model cliff in
Sanders' experiments w a s soluble in water. The lower diagrams demonstrate the
initial phase of shore platform formation; the notch floors represent incipient shore
platforms and the steep slopes below still water level represent low tide cliffs (after
Sanders, 1968b, p14; Sunamura, 1976; Tsujimoto and Sunamura, 1984; b and c are
in Tsujimoto, 1987, p51).
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notch whereas the latter experiments by Sunamura produced wave-cut notches that had
horizontal surfaces.

Sunamura (1991) suggested that horizontal wave-cut surfaces within

notches would represent shore platforms infieldsituations as notch deepening would ultimately
lead to collapse of the notch roof by subaerial processes. Conversely, Sanders (1968a, 1968b)
concluded that there was no evidence to suggest that horizontal shore platforms are wave-cut. A
further difference between the studies concerns the fact that Sanders (1968a, 1968b) recorded
erosion to the base of the submerged model cliff, whereas Sunamura (1975, 1976, 1977, 1982,
1991, 1994) and Tsujimoto and Sunamura (1984) did not record any erosion below a certain
level.

The differences between the experimental results can be explained with reference to the
chemical and mechanical properties of the cementing materials that were used to prepare the
model cliffs. Whereas Sanders (1968a, 1968b) constructed model cliffs that were soluble in
water, Sunamura (1975, 1976, 1977, 1982, 1991, 1994) and Tsujimoto and Sunamura (1984)
built cliffs of materials that were not soluble. Hence, whereas erosion proceeded below water
level w h e n the cliff was composed of soluble rocks (such as limestones), erosion below still
water level is negligible because the dynamic pressure of breaking waves acting on a vertical
wall decrease exponentially with increasing water depth (Sunamura, 1992). Sunamura (1992)
concluded that horizontal surfaces were not created in Sanders' experiments because the
cementing material was not suitable for modelling insoluble rocky coasts. Gill (1972c) further
noted that the duration of wave action in Sanders' experiment was probably not sufficient to
produce a horizontal surface in the cliff profile.

The findings of these laboratory experiments can be summarised as follows: firstly, notches i
sea cliffs can be produced by breaking waves; secondly, except in the case of soluble rocks,
erosion does not proceed below a certain depth (that is, a little below still water level); thirdly,
horizontal surfaces m a y be produced within wave-cut notches. Sunamura (1992) concluded that
deepening of notches in nature will eventually result in cliff collapse, and that removal of the
debris produced would then expose a horizontal shore platform with a steep scarp at its seaward
edge.

Hence, the laboratory experiments resulted in the development of Type B shore

platforms.

Stephenson and Kirk (2000a, p22) argued that "...at no time has it been clearly demonstrated
that waves do cause the erosion of shore platforms" and that suggestions "...that waves are a
controlling influence have often been based on observations of visually impressive waves
impinging on platforms." However, the laboratory experiments described by Sunamura (1975,
1976, 1977, 1982, 1991, 1992, 1994) provide evidence that waves can erode flat-bottomed
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notches in a cliff face, and it is probable that these notches would develop into shore platforms
in natural conditions. Moreover, there is a range of morphological evidence that attests to the
important role that wave erosion has on shore platforms (Trenhaile, 1987).

The elevation at which shore platforms develop

It is well documented that shore platforms exist at a variety of elevations. Some investigator
have attributed these levels to fluctuating sea levels, but others have suggested that varied
platform elevations could have been produced at the current sea level by storm waves and
weathering processes, and other investigators have noted the possible role of tectonic factors.

Dana (1849) realised that saturated rocks would be less weathered than exposed rocks; he
suggested that waves eroded shore platforms at a level that was controlled both by the boundary
between saturated and unsaturated rock, and by the size of assailing waves and the range of
tides. Hence, in different settings, shore platforms would form at different elevations depending
upon the local 'level of greatest wear'.

By contrast, Bartrum (1916) suggested that the elevation of shore platform development is
entirely controlled by the boundary between saturated and unsaturated rock. H e thought that
disintegration of rocks would proceed d o w n to the saturation level, and that waves would
simply wash away weathered rocks in the cliff face above that level. In order to explain the
level of the Old Hat platforms, Bartrum (1916) suggested that rocks must be saturated to a little
below high water level, but Fairbridge (1952) contended that the level of permanent saturation
is actually closer to low tide level. Hence, if weathering alone accounted for the development of
the Old Hat platforms, they should actually exist at low tide level. Trenhaile (1987) further
objected to Bartrum's (1916) theory through several lines of morphological evidence that
indicate that Old Hat platforms have been eroded by waves, particularly by wave quarrying:
firstly, a notch occurs at the cliff foot on the seaward side of the island; secondly, lower parts of
the cliff face have fresh rock surfaces; thirdly, the shore platform is rough and uneven; and
finally, the shore platform is widest on the exposed seaward side of the island. However,
Bartrum's (1916) hypothesis m a y have some local applications. For instance, M c L e a n and
Davidson (1968) noted that cliff retreat in mudstone and sandstone lithologies near Gisborne,
N e w Zealand, occurs through mass movements that result from subaerial processes. The debris
that results from mass movements is removed by waves, and this leads to further instability in
the cliffs, which induces further mass movement. Hence, cliff retreat and the development of
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platforms is a product of subaerial erosion, but the action of waves is integral for removing
debris from platform surfaces, and it also encourages further mass movement.

A similar theory to that proposed by Dana (1849) was Gill's (1967) belief that variations
between ground water, seawater and the air, and the processes associated with each of these,
give rise to a 'eutectic' point at which shore platforms develop. "Thus the cutting of a shore
platform m a y be related to the base of oxidation in the country rock, or to the level of constant
water saturation as well as to the erosive sea/air interface. But... the nature of the country rock
is important - its porosity, its degree of weathering, its diagenesis, and its competence to resist
marine attack" (Gill, 1967, pi 89-190).

The theory that shore platforms develop as a result of erosion along a boundary between
saturated and unsaturated rock is based on several assumptions: there is a well-defined
permanent level of saturation in the intertidal zone; there is an abrupt transition between
unweathered saturated rock and weak weathered rock above it; and the saturation level stays at
the same level as the cliff retreats landward. Trenhaile (1987) argued that there is little evidence
to support the validity of these assumptions, and he further noted that the theory requires that
the platform surface is coincident with the saturation level despite the probability that a
saturation level must vary in time and space according to geological, climatic, and tidal and
wave conditions.

In Bartrum's (1924) second account of shore platforms, he described narrow platforms (3 to 10
m wide) about 0.6 m above high tide level that occur along the west coast of the North Island,
N e w Zealand. These platforms provided a striking contrast to the Old Hat platforms he had
previously described at the Bay of Islands, which were up about 27 m wide and a little below
the level of high tide. Whereas the Old Hat platforms are relatively protected from vigorous
storm waves, Bartrum (1924, 1926) suggested that the exposed west coast platforms had been
eroded by storm waves that rise 'several feet' above normal water level, and are less impeded
and more effective erosional agents w h e n the tide is nearing flood. For this reason, he
suggested that under special circumstances, storm waves could maintain a cut bench above the
level of the normal zone of wave attack.

Subsequently, a number of authors including Johnson (1931), Stearns (1935) and Edwards
(1941, 1951), proposed that storm waves erode shore platforms at a level that is above that of
ordinary high tides. The exact level of erosion was considered to depend on factors such as the
exposure to storm waves, the resistance of rocks, and the tidal range. Jutson (1939, 1949a,
1949b, 1950, 1954) noted the presence of multiple benches around the shoreline of Australia,
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both within and above the tidal zone, which he considered to have been formed within a single
stand of the sea. Within these studies he stressed the importance of varied lithology and varied
processes. South of Sydney, for instance, Jutson (1939) described multiple horizontal benches
that are clearly controlled by alternating layers of sandstone and shale. H e suggested that
platforms below the 'spray line' were weakened through atmospheric and marine processes, but
that the sea w a s the chief agent of debris removal. Above the spray line, he indicated that
platforms were formed by subaerial decay alone, with debris removal being achieved by wind,
rain and gravity. Similarly, at Castlepoint, N e w Zealand, horizontal benches exist in the cliff
face at elevations of 18 to 28 m above sea level, which Ongley (1940) attributed to the action of
salt spray that causes differential weathering of beds in the cliff face.

There has been considerable debate regarding the possibility that multiple levels of horizontal
platforms could be formed simultaneously by storm wave erosion. Gill (1967) argued that
storm waves exert their m a x i m u m force at different levels according to tidal conditions, wind
force, wave size and incidence, and other factors. H e considered it unlikely that prolonged
storm wave erosion would occur at a defined level. Moreover, even if shore platforms are
wave-cut, Hills (1949) suggested that sloping platforms would form rather than horizontal
platforms, as m a x i m u m wave energy would be dissipated at the seaward edge of the platform
with lesser energy focused on landward parts of the platform.

The alternative hypothesis is that multiple levels of platform are produced by differing stan
sea level. S o m e of the best evidence in favour of a eustatic origin comes from the limestone
coastline of Western Australia, where Fairbridge (1952, p352) stated that several levels of
benches are apparent in a single bay that is sheltered from storm waves, and where the tidal
range is so small that the higher benches are practically preserved from wave erosion. H e
concluded that "...all the varied types of platforms attributed to contemporary marine erosion
are nothing but "normal" platforms of various former sea-levels, some of which were broad and
some were narrow and easily effaced, and which are subject to-day to varied exposures and
types of weathering." Multiple levels of shore platforms have also been documented on m a n y
oceanic islands, and some of these have been associated with ancient sea levels; however, care
has been taken to point out that different islands have differing tectonic histories, so it is not
always a simple task to attach shore platforms to specific stands of sea level, and regional
syntheses of platform elevations are even more complex (Nunn, 1984b, 1990a, 1990b, 1994,
1995, 1999).

The nature of eustatic rises and falls of sea level have been demonstrated through radiometric
dating of emerged flights of coral terraces, and through oxygen isotope records obtained from
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deep-sea cores. Sea level was higher than present during the Last Interglacial (Hearty et al.,
1999), and it was probably higher during the preceding interglacials recorded by oxygen isotope
stage 9 (347 to 297 ka) and stage 11 (440 to 367 ka), while the sea level during the Penultimate
Interglacial (stage 7, 251 to 195 ka) m a y have been similar to today's level (Chappell, 1983;
Shackleton, 1987). Overall, V a n D o n k (1976) estimated that sea level has probably been as
high or higher than present on 12 occasions in the last 1.9 M a . Tertiaryfluctuationsin sea level
are also thought to have been considerable (Vail and Hardenbol, 1979), with late Miocene and
Pliocene sea levelfluctuationsprobably ranging between 100 m above and below present sea
level (Haq et al., 1987).

It is likely that at least some of these high sea levels have left an imprint on rock coastli
Where this has occurred, present-day landforms m a y be partially 'inherited'. In the context of
rock coast geomorphology, landforms can be considered inherited where the position of the
early Holocene shoreline was seaward of the position of the cliff base that was formed during
the Last Interglacial (Trenhaile et al., 1999), or any other ancient, higher sea level. However,
the morphological evidence for inheritance is generally ambiguous, and the lack of preserved
sediments has restricted direct dating of rock coast features (Trenhaile et al., 1999).
Accordingly, there has been little resolution to the debate over whether different levels of shore
platform reflect contemporary processes such as wave erosion and weathering, or whether they
bear the imprint of past fluctuations of sea level. Young and Bryant (1993, p258) commented
that for the rocky shorelines of southern Australia, "... the problem has become apparently so
intractable that, notwithstanding the occasional appearance of short papers on aspects of rock
platforms and ramps, this once vigorous research theme has become almost entirely neglected in
Australasian coastal research."

In the last decade, however, there have been considerable advances in attempts to relate shor
platform development to different sea level highstands. Along the southeastern coastline of
Australia, dating methods including U/Th, thermoluminescence, radiocarbon, and amino acid
racemisation, have been used to reveal the age of crusts and sediments on shore platforms
(Bryant et al., 1990; Young and Bryant, 1993; Brooke, 1993; Brooke et al., 1994). Young and
Bryant (1993) described five levels of platforms between Tathra and Wollongong. Platforms at
2 m , and 4 m to 5 m above mean sea level ( M S L ) were attributed to erosion during the Last
Interglacial highstand, whereas 7 m to 8 m platforms were considered to have been cut before
the Last Interglacial and probably before the Penultimate Interglacial.

The authors also

recognised a surface at 9.5 m to 10 m , which they considered 'undoubtedly' to be of marine
origin. However, they were less sure of the origin of surfaces at 20 m to 30 m above M S L , as
some surfaces appeared structurally controlled, while others had features that could be attributed
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to either marine or subaerial erosion. The authors noted, however, that the morphology of the
surfaces was strikingly similar to that of the lower levels, and that m a n y of the surfaces are
remarkably free of weathered materials. A tentative correlation was drawn between these upper
surfaces and high stands of the sea during the Miocene or perhaps a greater age.

Young and Bryant (1993) indicated that platforms along the southeastern Australian coast have
a polygenetic origin. They conceded that the processes involved are not fully understood, but it
was indicated that the truncations are probably the result of prolonged wave action and water
layer weathering during stillstands. The authors proposed an additional process, tsunami, which
they considered had modified the platforms. The evidence for tsunami was in the form of
channels that dissect m a n y of the 8 m surfaces and some of the 4 m surfaces, both of which are
above the level of storm wave attack. They added that tsunami over-washing would explain
w h y the surfaces of platforms at great elevations are so fresh with relatively restricted evidence
of weathering.

Two periods of erosion were identified by Brooke et al. (1994) from shore platforms along the
northern Illawarra coast, N e w South Wales, Australia. The deposits, which were surveyed at up
to 4.5 m above M S L , recorded a major phase of high-level erosion during the Last Interglacial
and a minor phase of erosion during the Holocene. The dates support the hypothesis that shore
platforms up to elevations of about 5 m along the N e w South Wales coastline were probably
sculpted during the Last Interglacial, and subsequently modified during the Holocene.

At Banks Peninsula, New Zealand, Lawrie (1993) identified a modern platform surface and a
platform at 6 to 8 m above sea level that was covered in loess deposits. Prior dating of the loess
deposits suggested deposition since the Last Interglacial, and Lawrie (1993) concluded that the
upper shore platform was cut during the m a x i m u m of the Last Interglacial highstand. Gibb
(1986) suggested, however, that Banks Peninsula was subsiding at a rate of 0.1 m/ka, which
requires that the 6 to 8 m platform must have formed at 12 m above present sea level. Lawrie
(1993) rejected this possibility on the basis of k n o w n sea level chronology. Instead, it was
proposed that Banks Peninsula has remained relatively stable tectonically. Bai (1997) pointed
out further erosional evidence (sea caves, fossil shore platforms) along the northwestern flanks
of the peninsula that indicates relative stability over the past 120,000 years. Lawrie (1993) also
pointed out magnetic data that indicate that the width of the upper shore platform surface is
about 100 m. Platforms close to the current sea level have similar width, which indicates that
the stillstand of sea level during the Last Interglacial m a y have persisted for a length of time
similar to that of the present highstand. In the light of the tectonic debate at Banks Peninsula, it
is worthwhile noting that different coastlines throughout the world m a y have somewhat
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differing histories of sea level movements as well as tectonic and isostatic movements, and that
these complications must be considered w h e n comparing the evolution of shore platforms on
different coastlines.

From the Galicia coast of northwestern Spain, Trenhaile et al. (1999) provided further eviden
that shore platform morphology m a y have a polycyclic origin. Evidence from the shore
platforms include lichen and plants on higher portions of the platforms, degraded and
abandoned sea cliffs, cliff-platform junctions and thefloorsof sea caves that are well above the
elevation of the highest tides, and ancient, radiocarbon-dated sediments from sea caves and
beach deposits. The evidence indicates that most of the platform surfaces were cut during the
Penultimate Interglacial, whereas raised ramps and ledges were cut by higher sea level during
the Last Interglacial.

Unfortunately, relatively few datable crusts and sediments remain on shore platforms.
Accordingly, it seems likely that exposure dating of isotopes produced in situ m a y offer future
prospects for correlating shore platform morphology to sea level chronology. In this context, an
important study was m a d e by Stone et al. (1996) in which measurements of cosmogenic 36 C1 in
the Main Rock Platform, western Scotland, indicated that the platform had developed in a
postglacial event (Lateglacial stadial) spanning less than a few thousand years.

In addition to directly dating deposits on platforms, or isotopes produced in situ, Haslett a
Curr (1998) have shown that the relative ages of platforms can be determined through Schmidt
H a m m e r measurements of rock weathering. Haslett and Curr (1998) examined three adjacent
levels of shore platform at the Baie d'Audierne, Brittany, France. The Schmidt H a m m e r results
indicated that the intermediate surface (c. 2.5 m N G F ) was actually more weathered than the
upper surface (c. 4 m N G F ) , while the lowest (c. 0 m N G F ) modern surface was least
weathered. Further, while the boundary between the low surface and the intermediate surface
was a vertical, wave-cut cliff, the boundary between the intermediate surface and the upper
surface was a sloping ramp. The authors concluded that the intermediate surface represented
weathering of the upper surface. This approach offers a further w a y to establish relative
chronologies of shore platform surfaces.

The degree to which rock coast landforms are inherited from different sea levels depends very
m u c h on the tidal range of the coastline (Trenhaile, 1987). In a model of landform inheritance,
Trenhaile et al. (1999) assumedfirstly,that sea level during the peak of the Penultimate
Interglacial was the same as today's level, but that sea level during the Last Interglacial
m a x i m u m w a s several metres above the present level. The model predicted that in microtidal
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areas (tidal ranges of 0 to 2 m ) , there would have been no overlap between the range of
elevations affected by mechanical wave erosion during the Last Interglacial and the range of
elevations affected at the current highstand and in the Penultimate Interglacial. B y contrast, in
macrotidal areas (tidal ranges of greater than 4 m ) , and possibly in mesotidal areas (tidal ranges
between 2 and 4 m ) , there would have been a degree of overlap between the level at which
erosion occurred during each of the Interglacial stages. A n additional factor concerns the rate of
erosion that occurred during different sea level periods. If erosion had been slow during the
Last Interglacial, Trenhaile et al. (1999) suggested that a platform would have developed several
meters above the present sea level, whereas rapid erosion would have resulted in the formation
of a sloping ramp. W h e n the sea returned to its present position during the Holocene, slow
erosion would have reduced Last Interglacial platforms and ramps to narrow ledges, but they
would not have been completely removed, whereas rapid rates of contemporary erosion m a y
have completely removed Last Interglacial features.

In answer to the question of how much Holocene erosion must occur before a platform is no
longer inherited, Trenhaile et al. (1999) calculated that there is a linear increase between the
amount of platform downcutting and backcutting (cliff retreat) depending on tidal range.
Therefore, if one considers a platform to be inherited only if there has been slight modification,
inheritance can only occur in microtidal areas, or in macrotidal areas where there has been little
cliff retreat.

Trenhaile (2001a) used a mathematical wave erosion model to study the effect of different sea
level m a x i m a during the Penultimate Interglacial, the Last Interglacial and in the late Holocene.
Sea level was considered to have been either the same as today, or 2.25 m lower during the
Penultimate Interglacial, and 2.25 m , 4.5 m or 6.75 m higher during the Last Interglacial. The
model confirmed that the morphological effect of former higher sea levels depends on the
degree of overlap between the tidal ranges of different sea levels. A n additional and important
outcome of the model was that under a stationary sea level in a mesotidal environment,
intertidal and supratidal horizontal ledges were formed independently of structural and
lithological factors. Hence, while Guilcher (1958), Gill (1972a) and others have doubted that
shore platforms and benches could form simultaneously, Trenhaile (2001a) suggested that
intertidal ledges and shore platforms could develop together under a stationary, mesotidal sea
level, and that this m a y account for the narrow intertidal ledges that are sometimes found in
Australasia above wider shore platforms.

Sunamura (1991) examined the elevation at which shore platforms develop through wave-tank
experiments. H e placed model cliffs composed of materials of varied hardness into a range of
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water depths and then subjected the cliffs to breaking waves. Positive correlations were
returned between both rock hardness and nearshore water depth. That is, shore platforms were
higher w h e n nearshore water depths were high and rock hardness was high. Each of these
correlations has intuitive appeal. For instance, high water depths require large breaking wave
heights, and these large waves would be expected to exert their m a x i m u m force at a greater
elevation than smaller breaking waves. Moreover, erosion of hard rocks requires higher wave
pressures than erosion of softer rocks. Hence, other factors held constant, hard rocks would be
eroded only by large breaking waves whereas soft rocks would be eroded by breaking waves
that attack at a variety of elevations.

There is considerable field evidence to support the notion that harder rock types form higher
shore platforms (e.g. Edwards, 1945; Sanders, 1968a; Gill, 1967, 1972a; Phillips, 1970; Hills,
1971; Kirk, 1977; Reffell, 1978; Gill and Lang, 1983; Trenhaile and Layzell, 1981). Further, it
has often been noted that headlands represent the site of shore platforms that are elevated w h e n
compared with adjacent platforms in embayments (e.g. Bartrum, 1935; So, 1965; Wright, 1970;
Hills, 1972). O n the one hand, this might reflect the possibility that headlands are composed of
more resistant rocks (Trenhaile, 1987), but it m a y also be that waves are focused at headlands
and therefore erode at a higher level (Kirk, 1977). Additionally, Reffell (1978) noted that
headlands often have deeper water at the cliff foot than adjacent embayments. Each of these
factors supports the probability that high waves occur at headlands, which therefore erode high
shore platforms.

Cliff retreat and shore platform widening

Efforts to consistently match the morphology of shore platforms with factors such as exposure
to wave action, tidal range, and cliff height have met with limited success. Relationships are
locally apparent, but global relationships are obscured by variations in factors such as rock
resistance, which varies according to lithology, structure and the degree of weathering, and
variations in the effectiveness of wave erosion processes which reflect factors such as nearshore
water depth and the availability of abrasive material. Inheritance can also be a complicating
factor.

Trenhaile (1999) has argued that one of the most fundamental characteristics of shore platfor
is a strong positive correlation between regional m e a n platform gradient and spring tidal range.
H e indicated that this relationship explains m u c h of the global differences in platform
morphology.

Data from England, Wales, Canada and Spain were used to plot a linear
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regression between these parameters that had an r value of 0.92; data from Australia and Japan
were also plotted, but not incorporated into the regression calculation.

The relationship between tidal range and gradient is expressed through the formula:

fi = 0.267;

where^/J is platform gradient and Tr'\s the tidal range (Trenhaile, 1999).

This equation supports hypotheses that large tidal ranges generally result in sloping interti
platforms (e.g. Davies, 1972), whereas low tidal ranges generally result in sub-horizontal (Type
B ) platforms (e.g. King, 1959; Wright, 1967). Hills (1971) pointed toward the apparent absence
of Type B platforms in the wave-dominated North Atlantic as support for a hypothesis that
waves only produce Type A platforms and that weathering processes result in Type B platforms.
In a recent text, Bird (2000) also suggested that waves form Type A platforms whereas
weathering processes form Type B platforms. However, Trenhaile (1997) stated that most
North Atlantic coastlines are macrotidal, while in several micro- and mesotidal areas in eastern
Canada, there are Type B platforms that have gross morphology that is indistinguishable from
those in Australasia. Hence, he argued that the difference between Type A and Type B
platforms is the result of differences in tidal range rather than different formative mechanisms.

If shore platforms are wave-cut, positive correlations between tidal range and platform gradi
must be attributable to the w a y in which wave energy is distributed within the intertidal zone.
To this point, a thorough explanation for the relationship between platform gradient and tidal
range has not been made, but it is apparent that small tidal ranges restrict wave erosion to a
narrow zone of rock, whereas high tidal ranges would permit erosion of a broader zone of rock.
Hence, microtidal platforms are likely to have lower gradients than macrotidal platforms
(Trenhaile, 1987).

A number of investigators have proposed that platform width increases with tidal range
(Edwards, 1941; Flemming, 1965; Wright, 1969), but Trenhaile (1999) remarked that
correlation of global field data is not significant, and depending on a number of factors, both
positive and negative relationships can be found between platform width and tidal range.
Trenhaile (1999) suggested that if the relationship between tidal range (Tr) and gradient (fi) is
correct, m a x i m u m platform width (W) in all tidal environments is 220 m , because:

W=Tr/tanfi
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Trenhaile (1999) regarded this equation as consistent with a dynamic equilibrium hypothesis of
platform development. This hypothesis indicates that attenuation of w a v e energy over wide,
gently sloping shore platforms, which limits the size of waves reaching the cliff foot, eventually
produces a balance between the rates of erosion at the high and low tide level (i.e., balanced
erosion of high and low-tide cliffs). However, he indicated that equilibrium width would vary
according to rock resistance and the erosive force of waves, and that the calculation of
m a x i m u m width is based on geometrical assumptions that are inappropriate for micro- and
mesotidal platforms.

The dynamic equilibrium hypothesis of shore platform evolution spawned from Challinor's
(1949) theory that suggested that shore platforms undergo parallel retreat with their width and
gradient constant over time. The parallel retreat model stated that vertical erosion of the
platforms proceeds rapidly enough to allow for continued erosion of the cliff that backs the
platform. Trenhaile (1974) expanded on the hypothesis with a model in which the amount of
vertical platform erosion through time was related to the amount of horizontal platform erosion
and the slope of the platform. H e tested the model with k n o w n cliff retreat rates in the Vale of
Glamorgan, Wales, and concluded that platform gradient w a s maintained in equilibrium with
the process environment.

In later models it has been suggested that the gradient along shore platforms may vary until ra
of erosion across the platform become equal and the platform attains a state of dynamic
equilibrium.

Equilibrium width increases with wave intensity and with tidal range, but

decreases with rock hardness. Gradient increases with hardness, but decreases with wave
energy and tidal range (Trenhaile and Layzell, 1981). Furthermore, platform development is
thought to be rapid initially, but slows with time ultimately reaching an equilibrium state that is
defined by equal rates of erosion at the low and high tidal levels (Trenhaile, 1983, 1987).

Kirk (1977) tested the parallel retreat model at Kaikoura, New Zealand, and discovered that cli
recession rates were at least two orders of magnitude faster than surface lowering rates.
Stephenson (1997) also tested the model with Kaikoura data, and despite finding good
agreement between predicted and measured rates of surface lowering and cliff retreat, the model
was rejected on three lines of evidence: firstly, it was doubtful whether the seaward edge of the
platform retreated; secondly, erosion data showed variation across the platform whereas the
theory predicts that erosion should be constant; and thirdly, surveys of offshore topography did
not provide any evidence of morphology indicative of parallel retreat of the shoreline (although
it is difficult to envisage submarine topography that would indicate parallel retreat).
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Trenhaile (2000) noted that his early models were based on only a few variables, and they
ignored the potentially vital effects of variables such as breaker wave height and depth, the
distance of the breaker zone from the shoreline, and the m i n i m u m or threshold wave force
capable of causing rock erosion. The results of these experiments have been superseded by the
extended models of Trenhaile (2000, 2001a, 2001b, 2001c).

Trenhaile (2000) modelled shore platform development under stationary sea level conditions.
The profiles attained were typically gently sloping, although platforms in mesotidal conditions
were sub-horizontal. N o platforms developed low-tide cliffs, and Trenhaile (2000) related this
to the fact that the smallest tidal range used in the model was 3 m .

The model further

emphasised the relationship between gradient and tidal range, with runs conducted in mesotidal
conditions resulting in sub-horizontal platforms with gradients of 0.5° or less, whereas
macrotidal conditions produced platform gradients that most often had gradients of 1 to 3°. The
model showed that platform gradient decreases through time and the rate of platform widening
also decreases with time. A state of equilibrium occurred w h e n declining platform gradients
served to attenuate the energy of waves until erosion rates at the high and low tidal levels
became negligible. This supports the early hypotheses of Edwards (1941) and Bird (1968) that
feedback relationships between platform morphology and wave attenuation result in a rough
balance between erosion rates at the high and low tidal levels.

This dynamic equilibrium hypothesis is in stark contrast to Sunamura's (1992) view of shore
platform development. A large number of researchers have suggested that low-tide cliffs do
recede under present conditions (e.g. Bartrum, 1926, 1935; Jutson, 1939; Edwards, 1941, 1951;
Hills, 1949; Cotton, 1963; Gill, 1972a; Bird and Dent, 1966; Trenhaile and Layzell, 1981), but
Sunamura (1992) pointed out field data that indicate that the dynamic pressure of breaking
waves acting on a vertical wall decreases exponentially with increasing water depth, such that
the assailing force of waves is also likely to decrease exponentially with depth. Accordingly,
Sunamura (1992) contended that the low-tide cliffs of shore platforms do not erode. H e stated
that the width of modern platforms indicates the amount of erosion that has occurred at the
current highstand, provided that platform morphology is not inherited. Hence, Sunamura (1992)
promoted a static equilibrium model of shore platform development.

The question of whether or not the seaward edge of shore platforms retreat is critical for
understanding the development of contemporary shore platforms. Edwards (1941) was one of
few early researchers to attack the problem with quantitative data. Edwards (1941) measured
the compressive strength of rocks along the Victorian and Tasmanian coastlines of Australia.
H e noted that platforms up to about 100 m in width were formed in sandstone rocks (20,690 to
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53,793 kPa), while platforms of up to 30 m width formed in harder basaltic rocks (75,862 to
110,345 kPa) and platforms were absent from very hard granitic rock (186,207 kPa). At odds
with the observed trend, however, were soft limestone rocks (10,345 to 20,690 kPa) that were
either without shore platforms or had platforms less than 5 m wide. Edwards (1941) tried to
explain this anomaly with a hypothesis that erosion of the low-tide cliff occurs more rapidly in
limestones than in other lithologies, but he conceded that a similar relationship between low-tide
cliff erosion and rock hardness is not apparent in sandstone, basalt and granitic lithologies.

The field evidence collected by Edwards (1941) actually supports Sunamura's (1992) view that
low-tide cliffs are not eroded through wave erosion. Instead, it is likely that the limestones
described by Edwards (1941) were subject to erosion by the process of solution. For instance,
Gill (1972a) noted that along the Warrnambool coast of Victoria, Australia, aeolianite shore
platforms are undercut by solution processes such that the overhanging part of the platform is
easily broken by the force of waves, thereby resulting in retreat of the low-tide cliff.

McKenna (1990) noted that the low-tide cliff at Seapark, Northern Ireland, is rough and matted
with algae a short distance above the seabed, indicating that it has not been subject to erosion.
B y contrast, at the base of the low-tide cliff, there are smooth, abraded, sloping bedrock
surfaces. M c K e n n a (1990) suggested that submarine abrasion, moving laterally within a narrow
vertical range against the wall of the low-tide cliff, is responsible for the formation of these
ledges in situ. Sunamura (1992) also noted that low-tide cliffs sometimes have a subtidal notch
at their base, however his laboratory experiments indicate that notch-forming processes do not
occur at such depth, even if sand is available as an abrasive tool. Sunamura (1992) concluded
that subtidal notches can be ascribed to ancient undercutting w h e n sea level was lower than
present.

Stephenson (1997) investigated whether the low-tide cliff of mudstone and limestone shore
platforms have eroded at the Kaikoura Peninsula. A n initial calculation of the rate of retreat of
the landward sea cliff was m a d e using aerial photographs. The measured width of shore
platforms was then subtracted from the rate of cliff retreat to provide a measure of the amount
that platform scarps had retreated. Using this method, Stephenson (1997) predicted that in the
last 6,000 years, the low-tide cliffs of two shore platforms, which are currently 85 m and 65 m
wide, had retreated by 575 m and 1,315 m respectively. These rates of retreat suggest that in the
period between 1942 and 1994, w h e n aerial photographs were taken of the shore platforms, lowtide cliffs should have retreated by 5 m and 11 m respectively, but no change was apparent in
the aerial photographs (the photographs allowed a m i n i m u m detectable rate of change of 0.01
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m ) . Kirk (1977) also failed to detect any retreat of low-tide cliffs in surveyed profiles of shore
platforms at Kaikoura over a 20-year period.

Stephenson (1997) regarded it as doubtful whether low-tide cliffs retreat at the Kaikoura
Peninsula. Firstly, it is unlikely that 575 to 1,315 m of cliff retreat could have occurred in the
past 6,000 years.

Secondly, at present the compressive strength of the limestones and

mudstones at Kaikoura exceed the assailing force of waves; hence, erosion occurs through
weathering rather than wave action. In this respect, it is difficult to understand h o w the low-tide
cliff, which is more or less subaqueous and therefore somewhat protected from weathering,
would be eroded through the action of waves that are subdued beneath still water level.

If Sunamura (1992) is correct in his assertion that shore platforms are wave-cut, but the seaw
edges of platforms do not erode, one would expect to find a simple positive correlation between
the width of shore platforms and exposure to wave erosion processes. Indeed, shore platforms
are wider on the exposed coastline of Japan than on the sheltered side, and the same is true at
Glamorgan, Wales and at the Old Hat in N e w Zealand (Trenhaile, 1987, 1999). However, at a
number of Australasian locations, shore platform width has actually been shown to be wider at
sheltered sites (Bird, 2000). Along the N e w South Wales coastline, for instance, Bird and Dent
(1966) observed that shore platforms attain their best development on sectors of coastline that
are sheltered by headlands and islands from waves that are generated by the prevailing southern
winds and south-easterly swell. Bird and Dent (1966) thought that these high-tide platforms
were cut by higher Pleistocene sea levels, a theory that has been supported by the results of
radiometric dating by Y o u n g and Bryant (1993) and Brooke et al. (1994). Current wave-erosion
processes are actively eroding the front of these inherited platforms, such that platforms should
attain their greatest width away from effective wave action. Abrahams and O a k (1975) reexamined this relationship between Port Kembla and Durras Lake, but they found that platform
width is mainly controlled by factors other than the intensity of wave action. The authors drew
attention to the importance of micro-lithological and structural inhomogeneities in the bedrock
and differential weathering processes, and they proposed that platforms might also have been
eroded byfluvialprocesses during glacial periods.

Along the Victorian coastline of Australia, Hills (1949) observed that shore platforms are
generally widest and smoothest on sheltered coasts that are not subjected to waves of more than
moderate force. B y contrast, exposed coasts have platforms that are narrower and less regular.
Hills (1949) explained the variation as a result of inheritance of these platforms from former sea
levels. Hills (1949) noted that quarried blocks and eroded gulches only occur at the seaward
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end of narrow shore platforms. H e concluded that modern wave action erodes low-tide cliffs of
narrow, exposed platforms whereas the low-tide cliffs of sheltered coasts do not erode.

At the Isle of Thanet, England, So (1965) showed that the low-tide cliff of chalk shore platfor
have also undergone considerable retreat.

The evidence for this retreat was based on

reconstructions of the original hillslope topography into which the platforms are cut. So (1965)
suggested that the amount of retreat of the low-tide cliff was due to differential exposure to the
action of storm waves.

The question of whether the seaward edges of platforms erode is a complex but fundamental
one. A s Sunamura (1992) contended, low-tide cliffs in deep water probably suffer little erosion
due to the buffering action of water depth. This is indicated by the cover of marine life even
after very large storm events (Sebens, 1985). B y contrast, where platforms have shallower
water at the platform edge, or where the tidal range is very high, or if platforms are particularly
elevated due to inheritance, it m a y well be that the seaward edge of platforms is undergoing
active retreat. In some areas it is quite conceivable that platform width m a y be being reduced
by more active erosion of the seaward edge of the platform than of the cliff foot.

From the preceding arguments, it can be seen that platform width is a complex interplay of a
variety of factors. Intuitively, increasing cliff height would appear to be associated with
narrower shore platforms, as the amount of debris protecting the cliff from erosion must
increase with cliff height. S o m e researchers have suggested that low cliffs retreat more quickly
than high cliffs (Williams, 1956; Sparks, 1972), and negative correlations between cliff height
and platform width have been found in a number of instances (e.g. Edwards, 1941, 1958;
Trenhaile, 1999), but M c K e n n a (1980) found a very close positive correlation between platform
width and cliff height along the basaltic coastline of Northern Ireland. M c K e n n a (1980) could
not explain this observation, but it m a y be that variable erosion of inherited low-tide cliffs is
responsible.

Rock hardness has been shown to exert an important influence on the width and gradient of
shore platforms. Everard et al. (1964) and Takahashi (1977) found that soft rocks yield wider
shore platforms than hard rocks along the coasts of Cornwall and in southern Japan, but
structure is also important. Trenhaile (1987, 1997) stated that most rapid rates of cliff recession
and platform formation occur w h e n strata are horizontally bedded, or w h e n strata dip in a
direction that is parallel to the cliff face. B y contrast, in strata that dip landward, seaward, or
obliquely, w e a k beds m a y become increasingly protected from erosion by resistant beds.
Vertical strata striking perpendicularly to the cliff face provide relative easy access to wave
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erosion, whereas erosion of the cliff face exposes increasingly resistant rocks in oblique and
parallel vertical strata. Statistical support for these relationships has been provided byfielddata
from Japan and Gaspe, Canada (Trenhaile, 1999).

Tsujimoto (1987) and Sunamura (1992, 1994) found that platform gradient decreased with rock
hardness. Conversely, Gill and Lang (1983) found horizontal platforms in greywacke and
sloping platforms in softer siltstone. Hence, factors other than tidal range m a y influence
whether platforms are likely to be Type A or Type B. Tsujimoto (1987) suggested that Type A
shore platforms develop w h e n the low-tide cliff is destroyed, and Type B platforms result when
the low-tide cliff persists. H e viewed destruction of the low-tide cliff as resulting from surface
lowering of the platform rather than wave erosion of the low-tide cliff. At 25 sites around
Japan, he quantified the shear strength of rocks from Type A and Type B platforms, and
compared this with the shear force exerted by waves. Tsujimoto (1987) demonstrated a very
clear demarcation between Type A and Type B shore platforms on the basis that surface
lowering does occur on Type A platforms but not on Type B platforms (Figure 2.8).
Stephenson (1997) showed that Type A platforms are composed of softer rocks at Kaikoura than
Type B platforms. H e also showed that while surface lowering does occur on Type B shore
platforms, it does so at a slower rate than on Type A platforms. Hence, Stephenson (1997)
concluded that preferential weathering of platforms m a y also lead to the development of Type A
profiles.

Sunamura (1978) investigated Type A platforms using a model that assumed that cliffs were
composed of uniform, unweathered rock, with no beach at the base of the cliff, a gently sloping
submarine seabed, and a surf zone some distance from the cliff foot. The model suggested that
the rate of platform formation declines exponentially through time until a state of equilibrium is
reached where erosion can no longer occur because of the attenuating effect of wide shore
platforms. The growth of Type B platforms was investigated using a model in which waves
break at the outer edge of the platform, and then traverse the platform as a bore. The height and
force of the bore decrease exponentially across the platform as energy is lost through turbulence
and friction. The model predicted that platform width increases rapidly initially, but slows
gradually and ultimately reaches equilibrium.

The model indicated that platform width is

inversely related to rock hardness, but positively related to exposure to large waves (Sunamura,
1992). This outcome was supported with field data from the Izu Peninsula, Japan, where
platform width increases linearly with nearshore water depth up to about 12 m , but depths
greater than 12 m resulted in a sharp decline in platform width (Figure 2.9). Sunamura (1992)
suggested that waves occurring in 12 m of water occur too infrequently to result in substantial
platform erosion.
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The outcome of Sunamura's (1992, pl80-183) modelling attempts is summarised in his 'Rocky
Coast Evolution Model' (Figure 2.10). The model is presented for microtidal coasts m a d e of
insoluble uniform rocks, with no sediment accumulation in the nearshore zone. Five types of
coastline are described: Coast I is uniformly sloping and has a low gradient such that waves
break offshore; Coast II is cliffed, but is also exposed to broken waves; Coast III also has waves
that break offshore, but water depth at the cliff foot is higher so that this coast receives higher
wave energy than I and II; Coast IV is directly subject to breaking waves; and Coast V is subject
only to standing waves. For each coast, rock strength is high in profile a, and low in profile c.

Coasts 1 and II develop in a similar manner. Little erosion occurs where there are very hard
rocks, but weaker rocks erode into Type A platforms. The model predicts that Type B platforms
never result from Coasts I and II. Coasts III and rV feature plunging cliffs where rocks are very
hard, Type B platforms develop in rocks of intermediate resistance, and Type A platforms
develop in very weak rocks. Coast V consists of plunging cliffs where rocks are very hard or of
intermediate resistance, but standing waves can produce Type A platforms in very weak rocks
(Sunamura, 1992). O n each coastline, erosion proceeds rapidly atfirstand diminishes with time
as wave energy becomes increasingly attenuated. The exception is Coast V , where erosion of
weak rocks is slow by standing waves, and rapid w h e n water depth is gradually shallowed
allowing breaking and broken waves to erode the cliff foot. Sunamura's (1992) model indicates
that much of the morphology of shore platforms should be explained through quantification of
rock strength and nearshore water depth. This model has yet to be widely tested withfielddata.

Weathering of shore platforms

Trenhaile (2000) showed that in microtidal areas, wave erosion is concentrated on a narrow
zone of cliff, such that shore platforms have a subdued slope when compared to platforms that
develop in macrotidal areas. However, Sanders (1968a) argued that wave erosion along a
narrow zone of rock does not adequately account for the remarkable flatness of m a n y Type B
platforms found in Australasia.

Along with Hills (1949) and others, he was critical of

proponents of wave erosion, as wave erosion would be expected to result in sloping shore
platforms. However, it is apparent that many of the authors w h o promoted a storm wave origin
of shore platforms also indicated that platforms m a y experience secondary planation due to
weathering processes. Wentworth and Palmer (1925) were perhaps thefirstto suggest such a
process. They suggested that flat platforms formed in volcanic tuff in Hawaii were initially
carved by abrasion processes, but were later levelled by water layer weathering processes.
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Likewise, Bartrum and Turner (1928) and Bartrum (1935) suggested that shore platforms, while
being initially cut by storm waves, were subsequently flattened through the process of water
layer weathering. Stearns (1935) thought that shore platforms at Hawaii were largely eroded
through wave action, but he also noted that boring organisms and solution are important for
lowering platforms.

Bartrum (1935) suggested that the base level of subaerial weathering is the level at which rock
are saturated. H e reasoned that the outer edges of shore platforms would be relatively more
saturated than the inner edges, and would therefore be less subject to weathering processes.
Hence, a weathered platform surface m a y exhibit a raised rim on the outer edge of the platform.
Wentworth (1938) later termed this raised rim a 'rampart' (see Figure 2.6).

Wentworth (1938) viewed the presence of a rampart at the seaward edge of the platforms as a
c o m m o n and possibly necessary characteristic of water-level weathering.

H e stated that the

rampart is a remnant of the original bench level, and it weathers slowly as it undergoes fewer
wet-dry cycles. B y contrast, behind the rampart, ponds of water accumulate, and alternate
wetting and drying cycles m a y allow large areas this surface to be reduced to the same level
thereby producing an extensive platform. However, weathering could ultimately reduce the
rampart to the same level as the platform and at this time, the entire platform might experience
rejuvenated water-level weathering and subsequent lowering (Sanders, 1968a).

Wentworth

(1938) regarded it as unthinkable that high shore platforms could be formed by mechanical
action of storm waves initially moving over the higher rampart.

Bartrum (1935) noted that ramparts do not occur on all shore platforms. In part, this may be
explained by resistance of some rocks to subaerial weathering processes, but ramparts are
sometimes structural features and do not require a weathering origin. For instance, Gill (1972b)
investigated ramparts along the Otway Coast of Victoria, Australia, and related all of the
ramparts to the geological structure of the sedimentary rocks in which they occur.

An important advance for understanding the operation of weathering processes on shore
platforms has been the development of the micro-erosion meter. The instrument, which was
introduced by High and Hanna (1970) and later improved by Trudgill et al. (1981), enables very
accurate measurement of small rates of erosion on bedrock. It has since been applied in rock
coast geomorphology to measure rates of erosion on reef limestones (Trudgill, 1976; Spencer,
1985), shale cliffs (Robinson, 1977), greywacke and siltstone shore platforms (Gill and Lang,
1983), and mudstone and limestone shore platforms at Kaikoura (Kirk, 1977; Stephenson and
Kirk, 1998).
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At the Kaikoura Peninsula, Stephenson and Kirk (2000b) reported morphological, Schmidt
H a m m e r , and micro-erosion meter measurements that indicate that weathering processes are
currently dominant on the shore platforms. The authors noted that portions of the platforms that
are subject to the greatest number of wetting and drying cycles are also subject to the greatest
rates of erosion. Kirk (1977) noted that m a n y of the platforms have a raised rampart, which
further indicates the prominence of weathering processes. Furthermore, Stephenson and Kirk
(2000a) calculated that the erosive force of waves impacting against shore platforms at
Kaikoura is not sufficient to erode the limestone and mudstone platforms. Hence, at the current
sea level, weathering processes are clearly dominant.

Tectonic factors complicate the history of shore platform evolution at Kaikoura. Of particular
importance is an uplift event of about 2 m that occurred between 400 and 1000 years ago (Ota et
al., 1996). This uplift event has been superimposed on the net tectonic uplift of the peninsula,
which is in the order of 108 m through the Quaternary (Kirk, 1977). Kirk (1977) viewed the
Kaikoura platforms as polycyclic, containing inherited morphological features that are being
actively rejuvenated by removal of cover deposits. Stephenson (1997), however, viewed the
platforms as contemporary, because modern weathering processes are vertically eroding the
platforms at a rate that compensates for the overall rate of uplift.

It is very difficult to ascertain the extent to which wave erosion processes were originally
important in developing the platforms at Kaikoura. Changing relative levels of the land and sea
m a y well have altered the regime of wave erosion at different times. It seems likely that
platform widening is probably acting more slowly at present than it had in the past as wave
energy is n o w dissipated over platforms that are 40 to 200 m wide. Indeed, Stephenson and
Kirk (2000a) contended that waves cannot erode rocks exposed in the platform without the prior
reduction of rock strength by weathering processes, as only moderately small waves break
directly onto the shore platforms. Furthermore, the authors suggested that the lack of a notch at
the cliff foot implies that cliff retreat is currently occurring as a result of weathering rather than
wave erosion.

It is difficult to consider the relative effectiveness of wave erosion and weathering processes
throughout the long-term development of shore platforms. It is likely that wave erosion
generally dominates initially, but even here, weathering processes m a y be necessary to critically
reduce rock strength.

Trenhaile (2001b) attempted to incorporate the effect of subaerial

weathering processes within his mathematical model by differentially reducing rock strength
according to the amount of time that different portions of the cliff and platform are exposed by
tides. Previous results (Trenhaile, 2000, 2001a) had demonstrated that w a v e and surf zone

energy is increasingly dissipated in crossing shore platforms that become wider and more gently
inclined through time. Hence, ultimately, wave erosion essentially ceases, and weathering must
become dominant. Trenhaile (2001b) concluded that once wave energy becomes too weak,
water layer weathering and other weathering processes will act to flatten and lower shore
platforms toward the low tidal level, below which the rocks are permanently saturated with
water. However, even w h e n weathering reduces rock strength by 75 %, weathering played only
a secondary role in the overall development of the model platforms. "The model therefore
suggests that the morphology of platforms that are cut by waves that are powerful enough to
erode severely weathered rocks is determined more by wave and tidal conditions than by
weathering" (Trenhaile, 2001b, p404).

2.4.2 Plunging cliffs
The majority of research on rocky coastlines has been conducted on shore platforms and the
cliffs that back beaches and platforms.

Plunging cliffs have received considerably less

attention. Bird (1984, pi05) defined plunging cliffs as "cliffs that pass steeply beneath low tide
level without any development of shore platforms". Plunging cliffs can develop in several
ways: (1) Holocene faulting - the cliff face being the exposed plane of the fault on the upthrown side, and the down-thrown block having subsided beneath the sea (e.g. plunging cliffs
along the Wellington fault on the west shore of Port Nicholson, N e w Zealand); (2) tectonic
subsidence (e.g. plunging cliffs at Banks Peninsula and Lyttelton Harbour, N e w Zealand); (3)
recent volcanic activity building up plunging cliffs that have not had sufficient time to be eroded
(e.g. plunging cliffs at Hawaii and Santorini); (4) extremely resistant rocks that have prevented
erosion during the small amount of time that the sea has been at its present level (e.g. plunging
granite cliffs of Wilsons Promontory, Australia); (5) vigorous storm wave action causing
abrasion beneath low tide level as cliffs recede (e.g. a possible explanation for the plunging
cliffs in limestone that occur along sections of the Nullarbor coast, Australia) (Cotton, 1916,
1949,1951c, 1967; Bird, 1984).

Some of the world's best examples of plunging cliffs come from basaltic oceanic islands. Davis
(1928) described m a n y such cliffs from islands throughout the Pacific, Indian and Atlantic
Oceans, and plunging cliffs are also prevalent in the basaltic islands of the Southern Ocean
(Cotton, 1967). In some instances, faulting, subsidence or recent volcanic activity m a y be
responsible for the formation of plunging cliffs at these islands. However, Lord H o w e Island
and Balls Pyramid are stable tectonically, and volcanism ceased some six million years ago
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(McDougall et al., 1981), yet both of these islands provide examples of plunging cliffs (Davis,
1928). The basalt lava flows in which the plunging cliffs of oceanic islands are formed are
typically hard and resistant to erosion. Hence, as Bird (1984) suggested, it is possible that the
present highstand of sea level has simply had too little time to cause erosion in the hard rocks of
these plunging cliffs.

One of the diagnostic features of plunging cliffs is that they typically descend steeply int
water (Figure 2.11). A s a result, breaking or broken waves rarely impact against plunging cliffs,
and most wave energy is reflected. Standing waves m a y form in front of plunging cliffs, but
these waves exert considerably less erosive force than breaking or broken waves (see Figure
2.2). A n additional factor is that deep water also inhibits the entrainment of sediment by waves.
Hence, plunging cliffs are often subject to little erosive force, both in terms of hydrostatic and
hydrodynamic pressures and the abrasive action of sediments (Cotton, 1949, 1967, 1969a;
Trenhaile, 1987; Sunamura, 1992).

Figure 2.11 - Schematic cross section of a plunging cliff, submarine shelf,
and the shelf break that marks the change in slope between the truncated
shelf and the steep slopes of the original volcano.
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It is fundamental to the preservation of m a n y plunging cliffs that the erosive force of waves
impacting the cliffs is low compared to the resistance of the rocks of which the cliff is
composed. However, Tsujimoto (1987) observed that some plunging cliffs along the Japanese
coastline have very shallow water at the cliff foot such that breaking and broken waves impact
against the cliffs. Hence, it is clear that the survival of some plunging cliffs requires rocks that
are sufficiently resistant to wave erosion.

Formation of plunging cliffs

Cotton (1951b, 1951c, 1952, 1967, 1969a) specifically considered the gradual evolution of cliff
that are n o w plunging. H e described plunging cliffs from several sites within N e w Zealand,
including the basaltic coastline of Banks Peninsula, South Island. Citing the observations of
Davis (1928) and others, he also described plunging cliffs from Auckland Island, Campbell
Island, and m a n y other oceanic islands including Lord H o w e Island and Balls Pyramid.

At the foot of most sea cliffs lies a relatively flat submarine surface, which extends to the
continental shelf-break, or the shelf-break of truncated oceanic islands (Figure 2.11). Cotton
(1951c) used the term 'coastal plain' to refer to this surface, but most researchers have described
the surface as the 'continental shelf (e.g. Dietz and Menard, 1951; Trenhaile, 2001c). In the
case of oceanic islands, it is appropriate to refer to this surface simply as a planated 'shelf or
'island shelf. In most places, submarine shelves were exposed during times of glacial low sea
levels. Cotton (1951c) proposed that, given a relatively narrow shelf and conditions favouring
rapid erosion, marine erosion operating at a low sea level might entirely remove a portion of the
shelf to expose a line of steep cliffs at the present-day coastline. The postglacial marine
transgression m a y then have drowned these cliffs resulting in a continuous line of plunging
cliffs. Cotton's theory requires rapid erosion of shelves at low sea level, and an absence of
erosion processes since the return of the sea to its present level. H e suggested that plunging
cliffs might have been c o m m o n during the early stages of sea level rise, w h e n rapid drowning
would have prevented substantial erosion, but that few of these plunging cliffs have survived
unmodified by later erosion.

Cotton (1952, 1967) described several characteristics of basaltic islands that favour the
development and preservation of plunging cliffs: (a) the tendency of basalt lava flows to
terminate in near-vertical cliffs w h e n they are cut back by marine erosion; (b) comparatively
slow rates of subaerial dissection of hard basaltic terrain (although Cotton (1969b) also
discussed the impressive 'skeletonisation' of m a n y Pacific Islands by subaerial processes); (c)
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the isolation of islands results in relatively little sedimentation at the base of cliffs such that
shoreline water depths remain high (however, reef growth and lagoonal sedimentation represent
important exceptions); (d) and island cliffs do not generally descend to an apron of accumulated
sediment. The result of these characteristics is that the hard-basalt cliffs of oceanic islands tend
not to be eroded during the postglacial marine transgression.

Banks Peninsula is a basaltic shield volcano that is very similar to that of oceanic islands.
Cotton (1951c) noted that the gently inclined lava sheets of the peninsula have been truncated
into cliffs of about 200 m height. Currently, however, the absence of shore platforms at the base
of the cliffs attests to the fact that the eroding power of waves is very small against the sheer
plunging cliffs. Strong ocean currents in the vicinity of Banks Peninsula hinder sedimentation,
and Cotton (1952) reported water depths of about 35 m close to the base of some cliffs. Hence,
waves do not break against these cliffs and few sediments are available (for waves) to act as
abrasives.

Bai (1997) noted that Banks Peninsula is encircled by plunging cliffs and that plunging cliffs
intersect a gently sloping submarine shelf that extends for about 4 k m to a depth of 70 m , and
which is then flat to the shelf edge (shelf break). Bai (1997) suggested that the submarine shelf
has developed during multiple eustatic falling sea levels, or possibly during early postglacial sea
level rise(s).

There is generally little evidence that indicates when plunging cliffs were cut, but Cotton (196
in 1974, p245) suggested that "probably all cliffs n o w plunging originated in one or another of
those episodes within the Wisconsinan (Wiirm) glacial age w h e n sea level rose considerably
above its lowest position." However, in order to allow cliffing d o w n to and below the presentday shoreline, Cotton (1967) realised that the level of the sea, thoughfluctuating,could rarely
have been m u c h above its present position. H e further reasoned that while some cliffing must
have taken place during periods w h e n sea level rose closer to its present position, plunging cliffs
at Saint Helena, which descend into water 40 m deep, makes a glacial age seem most
acceptable. Trenhaile (1987) acknowledged that some cliff recession could have occurred
during glacial periods of low sea level, but he suggested that plunging cliffs were probably cut
during Pleistocene interglacial periods w h e n sea level was high, although he did not expand on
this postulate.
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Destruction of plunging cliffs

Plunging cliffs can revert to eroding cliffs through the coalescence of sea caves or accumulat
of debris at the cliff foot. These processes result in a reduction in the depth of the water at the
cliff foot, which changes the wave regime from one in which waves are reflected, to one in
which breaking or broken waves directly impact against the cliff face (Cotton, 1967).

Cotton (1967) noted the occurrence of large sea caves that have formed at the base of plunging
cliffs at Auckland Island. H e suggested that such caves were probably initiated by surges of
hydrostatic pressure during reflection of waves. These surges then enlarge bedding-plane
crevices and eventually prise off slabs of rock. Once caves are initiated, they can be enlarged
by the same process, and in time, the floors of adjoining caves will coalesce. Through this
processes, thefloorsof caves ultimately construct a platform on which fallen debris accumulates
and waves break; abrasion then proceeds vigorously.

Discontinuities within a cliff face are viewed as a prerequisite for the initiation of sea cav
(Moore, 1954; Sunamura, 1994).

These zones of weakness m a y then be eroded through

solution by seawater or dynamic erosion processes. While solution processes m a y be important
for the development of sea caves in limestone lithologies, Moore (1954) suggested that by far
the most powerful agent of erosion attacking weak zones in the cliff are the physical force of
waves (hydraulic erosion) and their accompanying load of rock fragments and sand particles
(abrasion).

Moore (1954) stated that many sea caves develop in shallow water through the process of wave
abrasion. In those shallow water settings, hydraulic processes are less important owing to
dissipation of wave energy across a surf zone. However, as shoreline water depths increase, the
efficacy of abrasion processes decrease as it becomes more difficult for waves to entrain
sediment. B y contrast, hydraulic processes become more and more powerful up to the point at
which water depth prevents waves from breaking against cliffs.

When waves impact against sea cliffs that have joint- or fault-associated openings, the air he
in wave-interstices is suddenly compressed. A s the waves recede, the compressed air expands
with explosive force through a hydraulic erosion process k n o w n as wedge action. Y a m a m o t o et
al. (1990) (discussed in Sunamura, 1994) studied the formation of sea caves through this
process.
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Y a m a m o t o et al. (1990) placed a vertical wall (simulating a plunging cliff) in a wave flume and
subjected it to standing waves. Along the face of the wall, crevices of various sizes were
constructed and three pressure sensors were installed. The sensors measured the pressure of
standing waves that were not affected by the crevices, and the pressures exerted by waves along
the wall and ceiling of the crevices (Sunamura, 1994). The results demonstrated that as the
height of the crevice ceiling decreased, the pressure acting on the sidewalls and ceiling
increased markedly.

Further, as ceiling height decreased, the height of waves required to

generate m a x i m u m pressures also decreased. With respect to wedge action, pressure-time plots
demonstrated that impulsive pressures were generated whenever marked pressure increases
occurred in the crevice. Finally, aided by video pictures, Y a m a m o t o et al. (1990) concluded
that the generation of impulsive pressure is closely associated with the behaviour of air in the
crevice.

These experiments demonstrate that standing waves cause pressure increases within openings in
a cliff line, and that these pressure increases exert stresses on the sidewalls and the roof of the
opening. Sunamura (1994) suggested that these stresses might facilitate removal of weathered
material and/or plucking of blocks bounded by joints and faults. This result corroborates
Cotton's (1967) suggestion that standing waves acting on plunging cliffs might exert pressures
capable of developing sea caves.

Initially, crevices within plunging cliffs will be exposed to pressures exerted only by standin
waves (because of the vertical cliff and deep water). However, gradual enlargement of the
crevice ultimately creates a surface that allows the formation of breaking waves. The rate of
cave development then increases markedly, as the pressures exerted by breaking are
considerably higher than those of standing waves (Sunamura, 1994). M o o r e (1954) suggested
that essentially the same forces are at work in the enlargement of caves as were effective in the
first stages of cave formation. However, he added that processes such as weathering, solution
by ground water, and organisms m a y also become important. For instance, at the Palos Verdes
Hills, California, where caves have formed in highly jointed basalt, the roofs of the caves are
seldom affected by solid waves of water, but are exposed to atmospheric weathering that is
aided by spray from the waves. A s a result of weathering along the joint planes, large blocks
have been loosened and have fallen into the shallow water below. Processes such as these are
continually occurring on a m u c h smaller scale, and contribute significantly to the enlargement
of the caves.
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The destruction of sea caves is not discussed in detail by M o o r e (1954), Cotton (1967) or
Y a m a m o t o et al. (1990), but it is quite conceivable that the enlargement and/or coalescence of
sea caves might engender instability in the cliff above. Ultimately, cliff collapse would result in
accumulation of debris at the cliff foot. Depending on the volume of debris deposited and the
depth of water in front of the cliff, plunging cliffs m a y be altered into cliffs that are covered
with talus, or if the cliff face were free of debris, but nearshore water depths had been
sufficiently shallowed, waves might break against the cliff thereby initiating erosion of the
formerly plunging cliff.

Cotton (1967) noted that the sea cliffs near the southern and northern ends of Auckland Island
are not plunging. Instead, surf is breaking on a rocky shore that is fringed with talus; hence,
cliffing is n o w in progress. H e suggested that cliffing might have kept pace here with the
postglacial rise of sea level. It is possible also, that coalescence of caves has allowed the onset
of erosion. Further, if for some reason, sediment supply had increased at the foot of what was
formerly a plunging cliff, breaking waves could have resulted in erosion of the cliff foot
(Cotton, 1969a). Cliff collapse due to sea cave formation m a y represent one such supply of
sediment.

Demarcation between shore platforms and plunging cliffs

The survival of plunging cliffs does not necessarily require very deep water at the cliff foot.
Tsujimoto (1987) pointed out that the Japanese coastline has plunging cliffs that are fronted by
water depths as shallow as 1.8 m . H e suggested that plunging cliffs persist at the shoreline
where the erosive force of waves does not exceed the resistance of rocks. This erosion
threshold was investigated usingfielddata from 25 study sites around the Japanese coastline.

Data on rock resistance and wave force was collected from 18 shore platforms and seven
plunging cliffs. The resistance that rocks have to erosion was assessed through measurements
of the compressive strength, tensile strength, shear strength, and the longitudinal (sonic) wave
velocity measured from rock cores that were extracted from each site. The presence of
discontinuities within a rock surface reduces the resistance of the surface to erosion.
Propagation of longitudinal wave velocity through a rock body decreases w h e n discontinuities
exist (Tanaka, 1970). Based upon this premise, Suzuki (1982) introduced a discontinuity index
in which the longitudinal w a v e velocity measured for a rock body in situ is divided by the
longitudinal wave velocity measured for a sample without visible cracks. Tsujimoto (1987)

represented the total resistance of rocks by multiplying compressive strength by Suzuki s (1982)
discontinuity index.

Tsujimoto (1987) considered the assailing force of ocean waves to be proportional to wave
pressure, which is the compressive force exerted w h e n waves break against a cliff. The water
depth in front of the initial cliff at each study site was estimated, and the height of breaking
waves was derived using the formula of Mitsuyasu (1962), which includes the influence of
nearshore topography.

W h e n standing waves occurred at the coastline, m a x i m u m wave

pressure was calculated from the formula derived by Sainflou (1928); for breaking waves,
m a x i m u m pressure was calculated using the formula derived by Ross (1955); the m a x i m u m
pressure associated with broken waves was calculated from the formula of C.E.R.C (1977).
These formulae are provided in section 2.3.1.

Tsujimoto (1987) stated that the threshold between shore platforms and plunging cliffs should
be reached w h e n the wave pressure force equals rock resistance. W h e n the rock resistance data
was plotted against the wave force data for each of the 25 study sites it was clear that shore
platforms and plunging cliffs could be separated by a solid line (Figure 2.12). O n the left side
of the line, wave pressure is in excess of rock resistance, therefore erosion occurs and shore
platforms result. O n the right side of the line, wave pressure does not exceed rock resistance, so
erosion does not occur and plunging cliffs persist at the shoreline.
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Figure 2.12 - Demarcation between shore platforms and plunging cliffs on the
basis of rock resistance and w a v e pressure. Arrows indicate the possibility
of lower rock resistance values (after Tsujimoto, 1987, p85).

2.4.3 S u m m a r y of rock coast morphologies
Two types of shore platform exist on rock coastlines; Type A platforms are gently sloping
features that often develop in macrotidal areas, and Type B platforms, which commonly occur
along microtidal coastlines in parts of Australasia and oceanic islands, are horizontal and have a
steep low-tide cliff at their outer margin (Trenhaile, 1987; Sunamura, 1992). There has been
considerable debate regarding the extent to which subaerial weathering and wave erosion
processes contribute to shore platform morphology, and this debate has influenced the
development of multiple theories to account for the level at which shore platforms form.

A

considerable impediment to debate appears to have been the difficulty with discerning the extent
to which contemporary platform surfaces m a y bear the imprint of former sea levels. Opinion
remains somewhat divided between proponents of weathering (e.g. Stephenson and Kirk, 2000a,
2000b) and wave erosion (e.g. Trenhaile, 2001a, 2001b, 2001c).

With respect to plunging cliffs, evidence has been provided that plunging cliffs only exist a
shorelines where the resistance of rocks in cliff faces exceeds the erosive force of waves that
break against the cliffs (Tsujimoto, 1987). A theory has been advanced that some plunging
cliffs were probably eroded during periods of lower sea level w h e n waves eroded the shelves in
front of cliffs (Cotton, 1951c). The theory suggests that rapid postglacial sea level rise then
drowned these cliffs, such that deep water at the base of some plunging cliffs m a y n o w preclude
breaking waves, thereby preserving the plunging condition.
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3. Geological and geomorphological
evolution of Lord H o w e Island
3.1 Tectonic setting
Lord Howe Island, Balls Pyramid, Elizabeth and Middleton Reefs, and guyots, banks and
seamounts to the north, form a linear chain of volcanoes along longitude 159° that extend
between latitudes 22° S and 31° S. Flinders Seamount occurs close to 35° S and m a y represent
the youngest volcanic structure in the Lord H o w e chain (Figure 1.2). Only Lord H o w e Island
has been radiometrically dated, but Quilty (1993) indicated that the Lord H o w e volcanoes are
likely to have a similar range of ages to the Tasmantid Seamounts, which lie west of the Lord
H o w e chain (c. 156° E ) in the Tasman Basin, extending between latitudes 25° S and 36° S.

Radiometric dating of the Tasmantid Seamounts demonstrated that the seamounts become older
in a northward direction (McDougall and Duncan, 1988). The Lord H o w e chain of volcanoes
have also migrated north, but a marked difference between the Tasmantid Seamounts and the
Lord H o w e volcanoes is that the Tasmantid Seamounts occur in increasingly deep water from
south to north. Subsidence of these seamounts was calculated to be about 500 m in 25 M a
(McDougall and Duncan, 1988).

B y contrast, there is no consistent relationship between

volcano age and water depth for the Lord H o w e chain of volcanoes. In fact, the summit of the
largest Lord H o w e seamount, Capel Bank, occurs in only 19 m water depth despite its northerly
position (Quilty, 1993).

The Lord Howe chain lies on the edge of the continental crust of the Lord Howe Rise, and it
likely that this continental crust has restricted the rate of subsidence of the Lord H o w e
volcanoes. Lord H o w e Island and Balls Pyramid are surrounded by near-horizontal planated
shelves (see Figure 3.9), which implies that these islands have experienced negligible
subsidence. Further, dated Last Interglacial shoreline deposits on Lord H o w e Island occur 2 to
4 m above present sea level (Woodroffe et al., 1995), whereas the Last Interglacial surface at
Middleton Reef is 8 m below the equivalent surface at Lord H o w e Island (Woodroffe et al.,
submitted). It is likely, therefore, that Lord H o w e Island has experienced little subsidence
during the late Quaternary, whereas Middleton Reef has gradually subsided over the past
120,000 years.
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3.2 Geological evolution

The geology of Lord Howe Island consists of Tertiary basalts with a surface cover of aeolianit
that was deposited during the Pleistocene (Figure 3.1). The basalts have been divided into four
units, which, in order of deposition, are Roach Island Tuff, North Ridge Basalt, Boat Harbour
Breccia and M o u n t Lidgbird Basalt (McDougall et al., 1981). Aeolianite deposits have been
separated into the Searles Point Formation and the Neds Beach Formation (Brooke, 1999).

3.2.1 Roach Island Tuff
The oldest rocks on Lord Howe Island consist of the Roach Island Tuff. The tuff appears to
have been deposited from subaerial vents where m a g m a interacted explosively with seawater.
The current dip of the beds of tuff exposed in the northern face of Malabar Hill (about 10° to the
southwest) indicates that the eruptive vent or vents were probably located just off the northeast
coast of the island. McDougall et al. (1981) suggested that at the time of deposition, the level of
the sea might have been similar to the present sea level.

Roach Island Tuff is preserved in the Admiralty Islands, beneath Malabar Hill and at Stevens
Point. The Admiralty Islands are composed mainly of yellow tuffs (Figure 3.2), but at Soldiers
Cap and Malabar Point, yellow tuffs are m u c h less apparent amongst rubbly lavas and basaltic
clasts. O n the northern face of Malabar Hill, the tuff extends 60 m up the cliff face and consists
of interbedded tuffs, thin rubbly lavas and beds of coarser fragmental material. Immediately
east of Malabar and north of Neds Beach, the tuff consists of indurated coarse breccia sheets,
possibly talus or lahar material, which overlie weathered basaltic flows or spatter, and in turn
are overlain by thin lava flows. At Hells Gates (Stevens Point), the Roach Island Tuff consists
of red tuffs (Figure 3.3) and weathered, nearly horizontal lava flows (McDougall et al., 1981).

3.2.2 North Ridge Basalt
Deposition of Roach Island Tuff resulted in the formation of a major subaerial vent in the
vicinity of Mount Lidgbird. Lavas comprising the North Ridge Basalt flowed radially from this
centre and constructed a large shield volcano that had an elevation of 900 m or higher.
Potassium-argon dates were obtained from five samples of North Ridge Basalt with results
ranging from 6.62 ± 0.22 M a to 7.2 ± 0.08 M a about a mean value of 6.92 + 0.22 M a . These are
the oldest dated rocks on the island (McDougall et al., 1981).
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The North Ridge Basalt underlies most of Lord H o w e Island north of Blinky Beach. The
remnants of these flows outcrop at Blinky Point, Clear Place Point, Mutton Bird Island, Sail
Rock, Rabbit Island, and in the North Ridge cliffs that extend between North Head and Malabar
Hill. Within the North Ridge cliffs, at least 30 lava flows are apparent, which have a consistent
northwest dip of 5° to 8°. The flows are generally 2 to 3 m thick, but range between 1 m and 10
m. The lavas arefine-grained,vesicular (with some vesicles up to 1 c m in size), and calcite is a
c o m m o n filling along joints (McDougall et al., 1981; Tabrett, 1999). The lavas typically have
fragmental, oxidised surfaces with more massive interiors (Figure 3.4). Tabrett (1999)
described these fragmental layers as flow-top breccias that form recessive layers between the
coherent parts of the flows. H e noted that the alternating prominent and recessive breccia/lava
units give m a n y cliff faces a stepped profile.

Many dykes intrude the North Ridge Basalt (Figure 3.1). Game (1970) recorded at least 80
dykes exposed in approximately 1.5 k m of cliff line between Malabar Hill and Old Gulch. The
dykes strike northwest-southeast and dip steeply to the west, or are sub-vertical. The dykes
range in width from 5 c m to about 3 m , are fine grained, have low vesicularity, are light
coloured, and commonly have a well-defined chilled margin (Tabrett, 1999).

The North Ridge Basalt is interpreted to be a rapidly-erupted, shield building sequence of l
with no evidence of significant time breaks between successive lava flows. The lavas typically
have plagioclase phenocrysts, less c o m m o n clinopyroxene and rather rare olivine, which is
usually altered. The lavas range from relatively fresh to extensively altered (McDougall et al.,
1981).

3.2.3 Boat Harbour Breccia

McDougall et al. (1981) suggested that caldera collapse occurred in the central region of the
large shield volcano that was amassed by North Ridge Basalt lavas. The resulting depression
had a N N E - S S W axis and dimensions of at least 5 k m by 2 k m with a depth of 900 m . The Boat
Harbour Breccia was formed by explosive eruptions that emanated from a central vent region
within the caldera. Tabrett (1999) contended that evidence from intruded sheets indicates that
the Boat Harbour Breccia probably formed close to a vent, but not in the vent itself.
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O n the eastern side of Intermediate Hill adjacent to Mutton Bird Point, Tabrett (1999) described
exposures of the Boat Harbour Breccia as consisting offine-grainedbasalt clasts that range in
size between 5 and 10 cm, supported by afine-grainedmatrix that is darker in colour than the
clasts it supports. South of Blinky Beach, however, the matrix is lighter in colour than the
basaltic clasts (Figure 3.5).

The Boat Harbour Breccia differs markedly at Mutton Bird Point where there are steeply
dipping, yellow to green tuffs containing lapilli of basalt glass and basalt blocks up to 0.5 m
across. O n the eastern tip of the point a number of pillow-like basalt bodies up to 1 m in
diameter occur within a coarse breccia matrix. These bodies show well-developed glassy
selvedges 1 to 2 c m thick and a crude radial joint pattern. They have been interpreted as
parentless pillows brought up from submarine levels by explosive eruptions (McDougall et al.,
1981).

McDougall et al. (1981) noted that the complex at Mutton Bird Point is similar in character to
the Roach Island Tuff.

They concluded that the complex was probably produced when

volcanism breached sea level, possibly at a similar time to the deposition of the Roach Island
Tuff. Hence, the unit predated the construction of the large shield volcano by the North Ridge
Basalt.

Southwest of Rocky Point, McDougall et al. (1981, pl60) described the Boat Harbour Breccia
as a "massive, well-indurated breccia exhibiting no bedding, and composed of angular to
subangular basaltic fragments ranging d o w n in size from 1 m , but usually consisting of
fragments less than 10 c m across, set in a fine-grained matrix" (Figure 3.6). The basaltic
fragments range from aphyric to feldsparphyric types, some of which are vesicular or
amygdaloidal.

Boat Harbour Breccia outcrops on the western coastline between Little Island and Kings Beach
and also at Lovers Bay. At Lovers Bay, the breccia is well indurated and similar in appearance
to the breccia observed at Rocky R u n and Boat Harbour. O n the ridge between Rocky Point
and the summit on Intermediate Hill there are a number of massive smooth outcrops of
weathered, structureless, basaltic rock that are not Boat Harbour Breccia. These rocks m a y be
intrusive bodies as surface breccias associated with lava flows are not apparent (McDougall et
al., 1981).

Dykes intrude the Boat Harbour Breccia in great abundance. Whereas the dykes that intrude the
North Ridge Basalt typically have steep dips to the southwest, south of Mutton Bird Point,
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Figure 3.4 - North Ridge Basalt at Curio Point. Note the contrast between the indurated
basalt lava and the oxidised flow-surface breccia. The staff is 1 m high.

Figure 3.5 - Boat Harbour Breccia south of Blinky Beach.
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dykes commonly have a shallow dip of 20° and 40° to the southwest and m a y be regarded as
sheets (or sills) rather than dykes. The thickness of the sheets ranges between 0.3 and 2 m
averaging about 0.5 m . The proportion of sheets increases south of Rocky Point. At Boat
Harbour, sheets exceed 80 % of the outcrop, and the cliffs around Georges Bay consist almost
entirely of closely spaced sheets dipping to the southwest (McDougall et al., 1981).

The dykes throughout the northern part of the island, and the sheets in the Boat
Harbour/Georges Bay area, appear to belong to a single intrusive episode. However, between
Rocky R u n and Boat Harbour, there is a set of near vertical dykes that cut across the basaltic
sheet complex almost at right angles (Figure 3.1). This complex is inferred to be slightly
younger than the dykes in the northern part of the island and the sheets in the Boat
Harbour/Georges Bay area (McDougall et al., 1981).

The origin of the Boat Harbour Breccia is problematic. The contact between the Boat Harbour
Breccia and the North Ridge Basalt has not been observed and it is unclear whether the breccia
is older or younger than the North Ridge Basalt. However, the Boat Harbour Breccia has a
relative lack of palagonitic tuffs, which suggests that seawater had little interaction with the
m a g m a from which the breccia was formed such that the explosive activity that deposited the
breccia probably occurred within the vent of an already large shield volcano. McDougall et al.
(1981) concluded that the North Ridge Basalt predates the Boat Harbour Breccia.

3.2.4 Mount Lidgbird Basalt
The southern massifs of Mount Gower and Mount Lidgbird are built almost entirely of flatlying lavas termed the Mount Lidgbird Basalt. The basalts range from tabular lavas, up to 30 m
thick, some with well-developed columnar jointing (Figure 3.7), to thin flow units a few metres
thick. Partly fragmental flows are present but are of minor importance, and tuffs are rare. The
tops of the flows are oxidised (flow-top breccias), but there is no evidence for extended intervals
of time between flows (Figure 3.8) (McDougall et al., 1981).

Seven samples of Mount Lidgbird Basalt were dated using the potassium-argon method; the
dates ranged from 5.85 ± 0.06 M a to 6.42 + 0.14 M a , but clustered around the upper value
indicating that Mount Lidgbird Basalts were deposited during a relatively short period around
6.4 ± 0.1 M a (McDougall et al., 1981). These dates confirm that the Mount Lidgbird Basalts are
younger in age than the North Ridge Basalts. Moreover, there are very few dykes within the
Mount Lidgbird Basalt, implying that the dyke and sheet swarm that intrudes the Roach Island

Figure 3.6 - Boat Harbour Breccia at Boat Harbour.

Figure 3.7 - Mount Lidgbird Basalt in cliffs behind Little Island. Note the distinct
columnar jointing in one of the lava flows.

Tuff, North Ridge Basalt and Boat Harbour Breccia occurred before emplacement of the Mount
Lidgbird Basalt. A few dykes are apparent in the cliffs of M o u n t Gower, but these are
interpreted as related to the same volcanic episode that formed the M o u n t Lidgbird Basalt
(McDougall et al., 1981).

McDougall et al. (1981) suggested that the Mount Lidgbird Basalt was deposited as a sequence
of lavas that were rapidly erupted into a large collapsed caldera. The lavas are essentially flatlying, indicating ponding in the caldera. The wall of the caldera is exposed on the northeastern
flank of Red Point where a sharp contact occurs between the cone sheet complex of the Boat
Harbour Breccia, and the younger caldera-filling rocks. Red Point is considered to lie within
the caldera, being composed of tuffs and irregular basaltic bodies that are overlain by a
conglomerate that is about 40 m thick and dipping 25° to the S W .

This conglomerate is

interpreted as a talus deposit probably originating from the caldera wall and is overlain by the
Mount Lidgbird Basalt.

The caldera hypothesis has been challenged by Tabrett (1999) who reported that the Mount
Lidgbird Basalt lavas dip at 3° to the south. H e suggested that the M o u n t Lidgbird Basalt lavas
might have flowed away gently from the summit region of the shield volcano along a vent that
strikes toward the S S W . The narrow,flat-toppednature of the southern mountains was cited as
evidence for this possibility.

3.2.5 Summary of geological evolution
The subaerial volcanic evolution of Lord Howe Island began with the deposition of Roach
Island Tuff. North Ridge Basalts then constructed a large shield volcano about 6.9 M a ago.
Caldera collapse occurred and Boat Harbour Breccia was deposited from a vent within or close
to the caldera. The eruptive history of the island concluded w h e n Mount Lidgbird Basalts filled
the caldera about 6.4 M a ago. Potassium-argon ages indicate a short period of volcanic activity
in the order of 0.6 M a during the late Miocene (McDougall et al., 1981; Tabrett, 1999).

3.3 Marine planation following volcanic activity

Figure 3.9 shows a three-dimensional digital terrain model of Lord Howe Island, Balls Pyramid
and the submarine topography surrounding the islands. The figure demonstrates the extent to
which the shoreline of each volcano has retreated. The present surface area of Lord H o w e
Island represents just 2.7 % of the area of the planated shelf that surrounds it. The remnant of
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Figure 3.8 - Mount Lidgbird Basalt at King Point. Note the contrast between the
massive, indurated basalt lava and the oxidised flow surface breccia (the staff is 1
m high).
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Figure 3.9 - Three dimensional digital terrain model of Lord H o w e Island and Balls Pyramid
showing subaerial and submarine topography. The view is approximately south, the vertical
exaggeration is 3, and the total E-W width of the planated shelf surrounding Lord H o w e Island
is c. 25 km. (The Triangulated Irregular Network w a s created from digital elevation and
bathymetry data; see section 5.3).
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Balls Pyramid is only 0.05 % of the area of the shelf that surrounds it; this represents a
spectacular example of a volcanic island that has been planated to the penultimate stage.

The shelf break at Balls Pyramid and Lord Howe Island marks the contact between the broad,
planated submarine platform and the steeply sloping volcanic edifice. At Balls Pyramid and
Lord H o w e Island, the break generally occurs close to the 60 m isobath. Assuming that the 60
m isobath approximates the shelf break, and that the original subaerial volcanoes had average
flank slopes of about 5°, the original height of the Lord H o w e volcano can be estimated to have
been in the order of 970 m to 1,600 m . Balls Pyramid was probably close to its present height,
or perhaps up to about 1,000 m . Hence, the islands appear to have lost 700 m or less in height
since the cessation of volcanism. B y contrast, the total distance of coastal retreat over the same
period is 6,000 to 18,000 m at Lord H o w e Island, and 4,000 to 12,500 m at Balls Pyramid.

The complexities of the long-term marine planation story at Lord Howe Island are discussed in
Chapter 7, but at this point it is pertinent to note that an elevated ridge structure surrounds Lord
H o w e Island in a water depth of about 30 m , whereas no such structure occurs on the shelf
surrounding Balls Pyramid (Figure 3.9). Scuba diving on this structure indicated that it is
composed of limestone (D. Kennedy, 2001, personal communication) and the ridge has
subsequently been interpreted as a fossil coral reef (Kennedy et al., in press).

3.4 History of aeolianite deposition
Brooke (1999) presented a comprehensive investigation of aeolianite on Lord Howe Island in a
P h D thesis entitled "Quaternary Stratigraphy and Evolution of Aeolianite on Lord H o w e
Island".

The thesis investigated the stratigraphic architecture, lithostratigraphy, petrology,

chronostratigraphy, allostratigraphy and the global palaeoenvironmental context of aeolianite on
the island.

Aeolianite at Lord Howe Island is generally poorly consolidated and of low resistance to
erosion. A n indication of this is the fact that notches rarely occur at the base of aeolianite sea
cliffs. Hence, aeolianite at Lord H o w e Island contrasts with the resistant reef limestones that
commonly occur in tropical settings, because reef limestones often feature notches, sea caves,
and benches that indicate processes such as solution, wave erosion, and biological erosion or
construction (e.g. Focke, 1978; N u n n , 1993, 1994, 1999).

T w o major aeolianite units were described: the Neds Beach Formation and the Searles Point
Formation. The Searles Point Formation includes dune units in the base of cliffs at Neds and
Middle Beach, between the lagoon boat ramp and Old Settlement Beach, and at the northern end
of Lagoon Beach. These dune units are generally less than 4 m thick, and are characterised by
their relatively dark colour (a light yellowish brown), heavy cementation, strong lithification,
clay-pot karst structures, caves and speleothems, and by the clay-rich palaeosols that cap several
dune units. Thin sections show that the dune units are composed predominantly of calcareous
red algal, micritic and molluscan grains. The outcrops are heavily cemented by pore-filling
sparite and some microsparite, but solutional voids are evident (Brooke, 1999).

The Neds Beach Formation includes more than 80 % of the aeolianite exposed at Lord Howe
Island. Beach and dune units in the Neds Beach Formation are weakly- to moderatelycemented, weakly lithified and have a lighter colour (white to very pale brown) than the Searles
Point Formation.

The formation includes all units that outcrop above the Searles Point

Formation in the main ridge between Neds Beach and The Valley of the Shadows (Figure 3.10).
Also included are outcrops at Signal Point, Blinky Beach, The Big Slope, Johnsons Beach,
Cobbys C o m e r and North Bay (Brooke, 1999).

Figure 3.10 - N e d s Beach Formation in cliffs at Neds Beach.
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The Neds Beach Formation includes minor outcrops categorised as the Middle Beach M e m b e r
and the Cobbys Corner Member. The Middle Beach M e m b e r extends along the main ridge
between Neds Beach and Middle Beach and to the western flank of the ridge. It consists of
white, lightly-cemented carbonate grains. The Cobbys Corner M e m b e r is exposed in the low
aeolianite cliffs between Cobbys Corner and Lovers Bay. It consists of dune units that are
composed of yellowish-brown, weakly- to moderately-cemented carbonate and volcanic grains.
Aeolianite within the Neds Beach Formation consists of beach and dune units that are
predominantly composed of calcareous red algal and molluscan grains, which are lightly to
moderately cemented by microsparite and micritic grain contact and meniscus cement, with
some patchy pore-filling microsparite and micrite. Unlike aeolianite from m a n y other regions,
calcrete was not a feature in exposures at Lord H o w e Island (Brooke, 1999).

U/Th ages from relict speleothems, flowstones, and corals, thermoluminescence dating of dune
units, amino-acid racemisation ages from "whole-rock" aeolianite and Placostylus snails, and
14

C age determinations of aeolianite, palaeosol, Placostylus, coral, and marine molluscs,

indicates a Middle Pleistocene age for the Searles Point Formation and an age within oxygen
isotope stage 5 for the Neds Beach Formation (Brooke, 1999; Price et al., 2001).

Fossil dunes at Lord Howe Island have previously been interpreted as products of the reworkin
of carbonate sediments with the advance or retreat of the sea during the Last Glacial (Squires,
1963; Standard, 1963; Mattes, 1974; Sutherland and Ritchie, 1974; McDougall et al., 1981).
Brooke (1999) re-examined the history of aeolianite deposition in the context of the H u o n
Peninsula sea-level record, which he considered to be the most appropriate record of sea level
for Lord H o w e Island. H e noted that the reef terraces have received detailed stratigraphic
analysis, and have been reliably and precisely dated ( T I M S U/Th, Chappell et al., 1996), and
also that the Late Quaternary sea-level record preserved in the terraces, which are located far
from the influence of glacial ice caps, agrees well with the oxygen isotope data from deep-sea
benthic foraminifera (Chappell et al., 1996).

Five phases of aeolianite landform evolution were recognised at Lord Howe Island. In phase
one, during the Early to Middle Pleistocene, there was a long period w h e n carbonate was either
not emplaced, or not preserved in low-lying areas. At this time basalt was capped by a darkbrown palaeosol. Phase two represents initial deposition of aeolianite during the Middle
Pleistocene or earlier (c. 200 ka). A few dunes were emplaced during phase three (the Last
Interglacial highstand 120 ka, substage 5e), when sea level was a little higher than present, but
stratigraphic evidence indicates that the shoreline was dominated by erosion rather than
deposition (beach sediments unconformably overlie truncated Middle Pleistocene dune foreset
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cross-beds). During at least part of this period, a channel probably existed between N e d s Beach
and the lagoon jetty such that the North Ridge would have been separated from the rest of the
island. Evidence for this includes the elevated ancient beach deposits, the depth of the reefal
facies in a core from the lagoon jetty (9 m below the bed of the lagoon), and the lack of Middle
Pleistocene aeolianite at the northern end of Neds Beach and at the lagoon jetty (Brooke, 1999).

Phase four occurred after the Last Interglacial highstand during a period of fluctuating sea
Stillstands occurred, however, during oxygen isotope substages 5c and 5a w h e n sea level was
about 18 to 22 m below present, and it is likely that these stillstands provided excellent
conditions for dune deposition (most of the aeolianite on Lord H o w e Island dates from stages 5c
and 5a, though the dates do not preclude the possibility of deposition during stage 5b and early
in stage 4). Thefinalphase of Late Pleistocene carbonate accretion occurred between about 85
ka and about 42 ka when sea level was generally more than 60 m below present levels and
sedimentation was restricted to the outer margin of the submarine platform that surrounds the
island (Brooke, 1999).

Brooke (1999) noted that deep water close to the coastline generally inhibits the delivery of
carbonate sediment to the coast, but increases the potency of wave erosion. At present and
during the Last Interglacial, nearshore water depths around Lord H o w e Island are relatively high
owing to the steep submarine profile that extends from the shoreline to the 20 m isobath; hence,
the coastline is dominated by erosion rather than carbonate accumulation. B y contrast, during
substages 5 a and 5 c, sea level was 18 to 22 m below present and Lord H o w e Island was
surrounded by a shallow submarine platform. It is likely that these shallow water conditions
provided a highly productive carbonate environment, such that sediment was readily delivered
to the coast by tides and swell.

Seaward from the 20 m isobath, the submarine profile grades gently to water depths of about 50
m off the east coast and 40 m off the west coast, but beyond these depressions, the seafloor rises
to about 30 m water depth at the fossil reef. During substage 5a, sea level was about 18 m
below present. This equates to the level of the sea being about 10 m above the level of the fossil
reef, and it can be assumed that the reef would have provided little obstruction to the delivery of
sediment to the coastline. During substage 5c, however, when sea level was perhaps 22 m
below the present, shallow, semi-enclosed water bodies would have occurred around the eastern
and western shorelines of Lord H o w e Island, and wave energy m a y have been markedly
reduced, perhaps suppressing the rate at which sediment was transported to the coastline
(Brooke, 1999).
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3.5 Holocene shoreline evolution
Kennedy (1999) examined the Holocene history of reef growth and lagoonal infill at Lord Howe
Island in a P h D thesis entitled "Reef Growth and Lagoonal Sedimentation at High Latitudes,
Lord H o w e Island, Australia".

The results have since been published by Kennedy and

Woodroffe (2000). The stratigraphy of the lagoon was investigated through a combination of
diamond drilling, vibrocoring, and continuous seismic reflection profiling. The chronology of
deposition was established by radiocarbon dating.

Sea level was 60 m lower than present 12,000 years ago along the New South Wales coastline
of Australia (Thom and Roy, 1985). The sea level then rose during the postglacial marine
transgression reaching modern levels in N e w Zealand and along the entire east coast of
Australia by 6,000 years B P (Chappell, 1987; Hopley, 1987). A radiocarbon age of 6,100 ± 90
years B P on mangrove w o o d at the jetty within m u d s on the lagoon floor at Lord H o w e Island
indicates that sea level had reached a level close to present by about 6,000 years B P (Woodroffe
etal., 1995).

The postglacial transgression flooded aeolianite dunes in the southern and northern sections
the present-day lagoon by 8,000 and 7,000 years B P respectively. Sea level attained its present
level between 6,500 and 6,000 years BP. The earliest phases of lagoonal sedimentation (post
7,000 and 6,500 years B P in northern and southern parts of the lagoon respectively) occurred in
an open-water environment, but the reef is believed to have caught up with sea level between
5,500 and 4,500 years B P . This resulted in decreased wave-energy conditions in the lagoon
which caused rapid deposition of mud-size material. Lagoonal sedimentation was rapid and the
surface of the lagoon floor was close to its present position between 4,500 and 4,000 years B P
(Kennedy and Woodroffe, 2000).

In addition to reduced energy within the lagoon, patch-reef growth from the antecedent surfac
played an important role in patterns of sedimentation. Furthermore, this period of rapid reef and
lagoonal development occurred at a time when warmer sea-surface temperatures were inferred
for the Great Barrier Reef and southwest Pacific. Consequently, it is difficult to ascertain the
probable wave climate during this period. Whilst catch-up reef growth must have reduced wave
energy to some extent, the rapid rate of sedimentation reflects more than just decreased
turbulence within the lagoon (Kennedy and Woodroffe, 2000).
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The final stage of reef and lagoon evolution occurred after 3,000 years B P . Radiocarbon dates
on near surface corals, such as that from around 150 c m below the present reef surface, indicate
that the reef was close to present sea level by this time (Woodroffe et al., 1995). However, the
lagoon experienced moderate-energy conditions because the lagoon had infilled to a depth
where non-storm waves could rework sediment. Gravelly-sand material, probably from the reef
crest, began to be transported across the lagoon. O w i n g to the fact that the lagoon had already
infilled almost completely, the gravelly-sand was transported across the lagoon and deposited
on the shoreline thereby resulting in progradation of a coastal plain (Kennedy, 1999).

Kennedy and Woodroffe (2000) reported a general sediment hiatus between 3,000 and 4,000
years B P . The hiatus was attributed to a decrease in sea-surface temperatures (as observed in
decreasing abundance of branching corals and increasing abundance of rhodoliths), and a
gradual lowering of sea level, or the infill of the majority of accommodation space during the
mid-Holocene.

Woodroffe et al. (1995) observed that Pleistocene aeolianite on the reef-sheltered coast has
planated into two distinct levels and that at several places the surfaces are juxtaposed. Adjacent
to the tide gauge at Signal Point, the upper surface is about 2.1 to 2.3 m above Lowest
Astronomical Tide ( L A T ) up to a m a x i m u m of 3.0 m . The lower surface is at 0.6 to 0.9 m
above L A T and is exposed only during the lowest tides. Woodroffe et al. (1995) proposed that
the lagoonal platforms on Lord H o w e Island have resulted from rapid planation during the
Holocene. The lower platform is presumed to be contemporary, but the upper surface is above
the highest level reached by tides. The older, upper surface was considered unlikely to reflect a
Late Pleistocene sea level because it is relatively well preserved and closely parallels the
contemporary surface, which indicates that it has not been subject to erosion for long.
Moreover, m u c h of the upper surface has been cut across aeolianites that were deposited after
the Last Interglacial highstand (Brooke, 1999; Price et al., 2001). Woodroffe et al., (1995)
surmised that the erosional platforms relate to a Holocene sea level 1.0 to 1.5 m above present.

The fringing reef surface was close to present sea level by about 3,000 years BP. At about thi
time, radiocarbon dates indicate a boulder ridge was deposited in the lee of North Head. This
m a y indicate that sea level was higher than present, for the fringing reef n o w very effectively
attenuates wave energy and restricts deposition of sediments in the lagoon. The possibility of a
higher sea level during this period is also indicated by the stratigraphy of coastal deposits in the
sheltered embayment of Old Settlement Beach. In situ, articulate bivalves were discovered
almost 1.5 m above the equivalent environment in the embayment. Shells were found up to the
highest level reached by the tides, and returned a radiocarbon age of 870 ± 80 BP. A s these
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shells live in intertidal habitats, the interpretation was that emergence of at least 1 m over the
last 900 years had occurred.

3.6 Summary
The Lord Howe chain of volcanoes has formed through hotspot activity on the margin of
continental crust. The hotspot has probably been relatively stationary, near latitude 35° S, but
northward migration of the lithosphere at a rate of about 6.7 c m per year, has slowly moved the
islands into warmer waters. Seamounts in the Tasman Basin, which are on oceanic crust, have
subsided after moving away from the hotspot, but the Lord H o w e chain of volcanoes has
subsided to a lesser degree, which probably relates to their location at the edge of continental
crust; the near-horizontal shelves that surround Lord H o w e Island and Balls Pyramid indicate
that these islands have received negligible subsidence. Lord H o w e Island was built during just
0.6 M a of volcanic activity between 6.4 and 6.9 M a ago. The oldest rocks consist of the Roach
Island Tuff, which were probably erupted w h e n sea level w a s at a level that is similar to that of
the present. A subaerial shield volcano w a s then amassed by North Ridge Basalt lava flows.
This shield w a s perhaps only 100 m higher than M o u n t Gower, although it could have been
several hundred metres higher. Caldera collapse occurred in the central region of the shield
volcano, and this was followed by deposition of the Boat Harbour Breccia from a vent within or
close to the caldera. Volcanism ceased at Lord H o w e Island w h e n Mount Lidgbird Basalt lavas
filled the caldera 6.4 M a ago. Since volcanism ceased, erosion processes have reduced Lord
H o w e Island to a small remnant of the original volcano. The average rate of coastal retreat has
probably been in the order of 15 to 20 times faster than the rate of subaerial denudation. M a n y
low-lying areas at Lord H o w e Island are veneered with aeolianite, most of which was deposited
after oxygen isotope stage 5e when sea level was somewhat lower than present. The Holocene
history of sea level movement is difficult to establish, but it appears that sea level attained its
present position by 6,000 years B P , and at some point thereafter, rose 1 to 1.5 m above present
before returning to its present level. A fringing coral reef reached sea level along the western
coastline between 4,000 and 4,500 years B P , and this resulted in considerable attenuation of
wave energy along the western shoreline.
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4. Description of rock coast landforms
4.1 Introduction

The purpose of this chapter is to provide an overview of the variety of coastal landforms th
occur at Lord H o w e Island. M u c h of the coastline is rugged and subject to very persistent
swells that prevent access in all but the calmest of conditions. However, during the course of
several weeks offieldworka number of opportunities were presented in which the coastline was
examined by sea, and several landings were made in remote parts of the mainland and outlying
islands. This chapter is based on mapping of landforms in thefield,from vertical colour aerial
photographs, and from aerial reconnaissance using video. Shore platform morphology was
surveyed using a total station or automatic level, but a tape measure and staff were used at
remote localities. Most surveys were reduced to the tide gauge datum at the jetty, but at remote
locations, particularly offshore islands, surveys were reduced according to biological indicators
such as coralline algae, which does not grow above m e a n high tide level.

Landform features were surveyed with respect to zero on the tide gauge, which corresponds to
the level of Lowest Astronomical Tide (LAT). M e a n sea level ( M S L ) , which corresponds to
Australian Height Datum ( A H D ) , is 1.1 m above L A T , while mean high water springs ( M H W S )
and mean low water springs ( M L W S ) are 1.9 and 0.3 m above L A T respectively. The mean
spring tidal range is 1.6 m whereas mean neap tidal range is 0.8 m . Comments on nearshore
bathymetry are derived from echo-sounding traces, which are described in detail in Chapter 5.

In this thesis, in common with widespread usage (Nunn, 1999), the Last Interglacial is
considered only as the period of time corresponding to oxygen isotope stage 5e; stages 5a to 5d
are treated as part of the Last Glacial. The periods 1.77 M a to 0.78 M a , 0.78 M a to 0.128 M a ,
and 0.128 M a to 0.012 M a represent the early, middle and late Pleistocene, while the periods 12
ka to 6 ka, 6 ka to 3 ka, and 3 ka to the present represent the early, middle and late Holocene
(Nunn, 1999).

Figure 4.1 presents a summary of the coastal mapping conducted at Lord Howe Island. The
total length of coastline, including offshore islands, is 52 km, most of which (74 % ) is
precipitous and rocky consisting of cliffs with basal shore platforms (55 % ) , plunging cliffs (18
% ) , cliffs with talus slopes (11 % ) , and hillslopes (8 % ) that have gradients of 12° to 18°. The
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Figure 4.1 - Coastal classification.
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remainder of the coastline consists of stacks, as well as cliffs that are in shallow waters or have
beaches at their base but do not have shore platforms. Enlarged maps of the northern and
southern segments of coastline (Figures 4.2 and 4.22) show that sea caves, arches and blowholes
occur throughout the exposed rock coastline, but are absent from the sheltered lagoonal
coastline. Sea caves are particularly prevalent within the North Ridge Basalt and Boat Harbour
Breccia, whereas arches are only found in the Roach Island Tuff. M o u n t Lidgbird Basalt has
relatively few small-scale erosional landforms.

Beaches occur predominantly along the

lagoonal coastline, which is sheltered from the full force of ocean waves by a fringing coral
reef. Where cliffs do occur along the sheltered coastline they are comparatively low, and shore
platforms are often veneered with subaerially derived talus.

4.2 Roach Island Tuff
Roach Island Tuff accounts for 14 % of the coastline of Lord Howe Island. It is the most
restricted of the basaltic lithologies, occurring to the northeast of the island, but it is the
lithology from which the off-lying Admiralty Islands are built. These islands have a subdued
topography, in contrast to the massive southern peaks and the northern cliffs, which means that
cliffs typically reach heights of less than 30 m . Type B shore platforms are c o m m o n throughout
the Roach Island Tuff, but the elevation and width of these platforms varies considerably.

The Admiralty Islands consist of 10 islands and stacks (Figure 4.3). Islands are generally lar
than stacks, but the terms are essentially synonymous in referring to monoliths of rock that have
been isolated from the mainland by erosion (Whittow, 1984); boulder stacks such as Little
Island are distinct from islands and stacks in that, rather than eroding in situ, they are deposited
from erosion of hillslopes, talus slopes or cliff faces. Four of the Admiralty Islands have been
planated nearly to sea level and are awash during high seas (Figure 4.4). Roach Island is the
largest of the islands (700 m by 200 m ) and reaches a m a x i m u m elevation of about 60 m .

A number of the Admiralty Islands are surrounded on all sides by shore platforms. These
islands are broadly similar in form to 'The Old Hat' described by Bartrum (1916); however, Old
Hat platforms at Lord H o w e Island exist above the level of high tide, whereas Bartrum (1916)
described platforms that were below the level of high tide. Platform width varies from less than
5 m up to about 40 m throughout the Admiralty Islands. The platforms are comparatively flat
wherever Roach Island Tuff dominates, but abrupt variations in platform elevation occur where
dykes intrude.
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Figure 4.3 - Admiralty Islands (background) and Soldiers Cap (foreground).
Soldiers Cap is a good example of 'The Old Hat': islands that are flanked on
all sides by shore platforms.

Figure 4.4 - Flat rock: an example of a planated island.
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Dykes are generally more resistant than the host rock, and McDougall et al. (1981) suggested
that dykes account for the preservation of the islands, but dissection along the strike of one dyke
has formed an impressive arch through Roach Island (Figure 4.5), with an adjacent incipient
arch developing in a similar manner. The arch is 125 m in length, has a m i n i m u m width of 2.5
m , and water depth within the arch varies between 5 and 10 m . Erosion of these extensively
jointed dykes has occurred as a result of wave quarrying, which has apparently operated with
greater efficiency than abrasion of the adjacent, coarsely-jointed tuff. A remnant of a dyke,
jutting several metres out of the water immediately outside the southern opening of the arch
(Figure 4.6), implies considerable variation in jointing within a small area (in order to explain
the differential rock resistance). Three smaller arches occur in the Roach Island Tuff at Malabar
Point.

At Soldiers Cap and Malabar Point, platform morphology reflects differential erosion that
results not only from dykes and Roach Island Tuff, but also by the presence of thin lava flows.
Tuff typically results in flat sectors of shore platform whereas elevated sections are associated
with resistant dykes and lava flows, and rock pools are formed where weak dykes or tuff have
been preferentially excavated.

Cliff height at Malabar Point reaches 208 m. These higher cliffs appear to result from
interbedding of the Roach Island Tuff and the North Ridge Basalt, and they contrast with cliffs
formed solely in Roach Island Tuff that are rarely above 20 m in height. Water depth at
Malabar Point, and on the leeward side of Soldiers Cap, is shallower than around the Admiralty
Islands. Despite attenuation of wave energy through shallow waters, near-horizontal shore
platforms of up to 100 m in width have developed at Malabar Point. W a v e action removes
much of the debris sourced from the high cliffs of Malabar Hill, but talus occurs on the northern
and southern sides of the point.

Soldiers Cap is a prominent example of an Old Hat island with shore platforms flanking all
sides (Figure 4.3). O n the leeward southern and southeastern leeward sides of the island, fetch
is less than 100 m and water depths are typically less than 1 m . B y contrast, on the western,
northern and eastern sides of the island, nearshore water depth exceeds 1 m and fetch is
essentially unlimited, although the Admiralty Islands block swells coming from the northeast.
Soldiers C a p has its widest platforms on the eastern side of the island (35 m ) and the northern
side of the island (25 m ) whereas the platforms are less wide on the western side of the island
(15 m ) and to the south (11 m ) .

Figure 4.5 - This arch in Roach Island has formed through wave quarrying of a
highly jointed dyke. A n incipient arch immediately left of the main arch, is
developing through the s a m e process.

Figure 4.6 - Protruding dyke on the southern side of the arch at Roach Island.
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A small sea cave has been eroded into weathered, red Roach Island Tuff on the northern side of
Stevens Point (Figure 4.7). O f 32 sea caves observed along the shoreline at Lord H o w e Island,
this is one of only three caves that are fronted by a shore platform. Like the arches observed at
Malabar Point and Roach Island, the cave has formed along the strike of a dyke. In this case
however, several lines of evidence, including the width of the platform infrontof the cave, the
shallow bathymetry off the platform, and the shelter afforded by Searles Point, indicate that the
cave m a y be an inherited feature (Figure 4.8).

The southern side of Stevens Point is dominated by lava rather than tuffaceous deposits (Figure
4.9). This harder rock type has yielded narrower and higher (20 to 25 m , 1.5 m to 2.5 m above
L A T ) platforms than the tuff on the northern side of the point (30 to 35 m , c. 1.5 m above L A T ) .
Three large rock pools have been eroded into the lava platforms where dykes that are less
resistant than the host tuff/lava have been eroded out.

4.3 North Ridge Basalt
The North Ridge Basalt outcrops along 21 % of the coastline of Lord Howe Island. There is a
pronounced contrast between the steep exposed coast facing north, and the convex hillslopes
that drain into the sheltered environment of the lagoon. Wherever the North Ridge Basalt has
been exposed to the full force of ocean waves, the shoreline is highly cliffed with basal shore
platforms that range in width between a few metres and about 50 m . B y contrast, the wavesheltered vegetated slopes above North Bay have a gentler gradient (Figure 4.10). Shore
platforms formed in North Ridge Basalt are Type B; they are sub-horizontal, above high tide
level and have low-tide cliffs that drop into water depths averaging 9 or 10 m , but ranging from
2 m up to about 15 m . Shore platform morphology reflects differential rock resistance induced
by dykes, massive sections of basalt lava flows, and less resistant brecciated surfaces of lava
flows. The cliffs above these platforms have a stepped profile that is clearly related to the
basalt-breccia sequences.

4.3.1 North Ridge cliffs
The North Ridge cliffs present a highly variable geomorphology comprising both platforms and
cliffs with sea caves and gulches. In this thesis the term 'gulch' refers to localised indentations
in the coastline where the length of the indentation is greater than its width. Sea caves are
defined in the same w a y with the obvious difference that caves are enclosed by a roof.

Figure 4.7 - Sea cave cut along a densely jointed dyke on the northern side of
Stevens Point (see Figure 4.8).

Figure 4.8 - Northern side of Stevens Point (Hells Gates). The cave in Figure 4.7
is eroded into the cliff in the right hand side of the picture. The cave is sheltered
from erosion by Searles Point.
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Figure 4.9 - Southern side of Stevens Point.

Figure 4.10 - Contrast the gentle gradient of the vegetated slopes facing North
Bay with the near-vertical sea cliffs adjacent to Old Gulch and N e w Gulch
(photograph - E. Bryant).
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Most of the exposed North Ridge cliffs have basal shore platforms. The shore platform at Curio
Point is between 20 and 25 m wide, but for m u c h of the length of the cliffs, platform width is
less than 20 m . Notably, platform width tends to be greatest at headlands whereas embayments
in the cliff-line are associated with smaller shore platforms or sea caves. At Curio Point, rock
pools with widths of 2.5 to 15 m and depths of up to 3 m , have been eroded into the platform.
Wherever these rock pools have developed, it is clear that preferential erosion of breccia has
occurred amongst the more resistant basalt and dykes (Figure 4.11).

The North Ridge cliffs are between 100 and 200 m in height. They are sub-vertical, with rather
straight cliff lines following a dominant east-west joint set between Curio Point and Malabar
Hill, and a north-south joint set in the vicinity of North Head. Interruptions from the cliff line
occur in the form of gulches and sea caves. With a m a x i m u m width of 50 m and a length of
about 175 m , Old Gulch presents the largest example of a gulch at Lord H o w e Island (Figure
4.10). The sidewalls of the gulch closely parallel the north-south joint set and there is a boulder
beach at the landward edge of the gulch.

Gulches on the eastern and western sides of Mount Eliza differ from Old Gulch in that their
form is more controlled by the presence of sea caves. They do not have boulder beaches at their
head, but their orientation also follows the north-south joint set. It is possible that a continuum
of gulch development is presented by these examples. Sea caves m a y represent an early stage
of development, and collapse of the roof m a y result in gulch formation, at the upper end of
which a boulder beach accumulates.

There are 13 sea caves within the North Ridge cliffs. In all but two instances, which occur on
the western face of North Head, sea caves intersect the cliffline with a north-south orientation,
and generally appear to have developed from preferential wave quarrying of well-jointed dykes
(Figure 4.12). The sea caves often intrude more than 50 m into the cliff face, although
subaerially, the caves are m u c h more limited in extent.

There is a talus slope, 260 m long and rising to 50 m above sea level, beneath the North Ridge
cliffs west of Malabar Hill (Figure 4.13). The shore platform terminates here, being replaced by
a boulder beach. Offshore bathymetry shallows markedly as the talus slope extends beneath sea
level.

Figure 4.11 - The rock pools at Curio Point have been eroded in breccia. The
pools are contrained laterally by more resistant dykes and basalt (photograph
- D. Kennedy).

Figure 4.12 - Sea cave west of Old Gulch. It is likely that the cave w a s initiated
through preferential w a v e quarrying of the highly jointed dyke.
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4.3.2 Dawsons Point
The shoreline at Dawsons Point is largely protected from the erosive action of waves by the
fringing coral reef. Hence, cliffs at Dawsons Point are substantially less in both height and
gradient than the exposed cliffs at North Head (Figure 4.14). Furthermore, the hillslopes are
comparatively gentle in gradient and vegetated, which attests to the dominance of subaerial
processes over marine processes. Shore platform fringes Dawsons Point, but it is largely
obscured by talus that has been eroded from the hillslope above.

4.3.3 Clear Place Point and Blinky Point
Clear Place Point features some of Lord Howe's widest and flattest basalt shore platforms. It
also features coastal landforms that are not present at any other location on the island. O f
particular importance is what appears to be a relict raised shore platform (Figure 4.15). This
surface is 12 to 15 m above L A T at the southern end of the platform and 11 to 13 m above L A T
at the northern end of the platform. The middle section of the platform is lowered somewhat,
occurring between 9 and 1 1 m above L A T . The relict platform is weathered with grass and
shrubby vegetation covering m u c h of the surface. It has an unvegetated raised rampart along
much of the outer edge of the platform, and most of the upper surface has widths of 30 and 35
m.

Between the upper surface and the modern shore platform, there is a steep cliff (fossil low-tid
cliff) that is 7 to 9 m high (Figure 4.16). The modern shore platform is similar in form to the
upper surface, although it is flatter and m u c h less weathered. The modern platform varies in
width between 30 and 50 m and is typically elevated at 2 to 3 m with a seaward rampart. It is
pertinent to note that ramparts similar to these, which do not appear to be controlled by
differential lithology, are absent from all other locations at Lord H o w e Island.

A sea cave has been cut into the base of the relict low-tide cliff that separates the upper and
lower surfaces (Figure 4.17). Dykes, which typically intrude vertically through the North Ridge
Basalt, have intruded horizontally at this locality, and have been preferentially excavated
through the process of wave quarrying.

On the southern side of Clear Place Point a blowhole has developed beneath a low cliff along
the north-south strike of two well-jointed dykes. The development of the blowhole appears to
be similar to the development of the sea caves in the North Ridge cliffs. Sea caves cannot

Figure 4.13 - Talus slope beneath North Ridge cliffs (between Malabar Hill and
Kims Lookout).

Figure 4.14 - D a w s o n s Point is sheltered from wave attack by the fringing reef
whereas North Head is exposed to the full force of ocean waves. A s a result, a
m u c h greater 'saw cut' has been taken out of the subaerial hillslope at North Head;
hence, the cliff is higher and steeper, and the shore platform is wider than at
D a w s o n s Point.

Figure 4.15 - Note the two distinct horizontal surfaces at Clear Place Point.

Figure 4.16 - Cliff that separates the upper, relict surface, and lower Holocene
platform surface at Clear Place Point.
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develop into blowholes at the North Ridge cliffs owing to the height of the cliffs. At Clear
Place Point the sea cave has transformed into a blowhole as a result of breaching of the roof of
the cave through the raised, and apparently relict, platform surface.

Cliffs of 20 to 30 m height run north-south between Clear Place Point and Blinky Point (Figure
4.18). A narrow shore platform fringes the base of these cliffs except at two locations near
Blinky Point where two sea caves intersect the cliffs. In contrast to the wide flat platforms
observed at Clear Place Point, Blinky Point has rather poorly-developed shore platforms that
often slope steeply into the sea; nonetheless,flatsections of platform are apparent at some
locations, with widths of 15 to 20 m . At Blinky Point a dyke has been preferentially wavequarried resulting in a narrow gulch 7.5 m deep, whereas a highly resistant dyke protrudes off
the northern end of the point.

4.3.4 Sail Rock and Mutton Bird Island
Offshore islands in the North Ridge Basalt include Sail Rock and Mutton Bird Island, which are
more than 1 k m from the main island, but are less than 50 m apart (Figure 4.19). Sail Rock
comprises a thin tall (c. 20 m ) pedestal near the centre of a wide flat shore platform (Figure
4.20). The pedestal is composed almost solely of dykes and measures 20 m north to south, by 4
to 6 m east to west. The shore platform is 46 m wide on the northern side of the pedestal,
whereas platforms on the eastern, western and southern sides are 30 m , 12 m and 14 m wide
respectively. Dykes at Sail Rock have an average trend of 200°, as does the long-axis of the
pedestal.

Mutton Bird Island reaches a maximum elevation of more than 60 m, but cliffs have an average
height of about 20 m . O n the southern and northern sides of the island the shore platform
averages about 30 m in width but reaches up to 40 m in places. O n the western side of the
island the platform averages 10 to 15 m in width, being narrower and steeper in places. The
shore platforms at Sail Rock and Mutton Bird Island are typically sub-horizontal and above the
level of high tide. The cliff-platform junction is fresh and abrupt and rock pools have been
eroded into the platforms where soft breccia occurs adjacent to harder dykes or basalt (Figure
4.21).

Figure 4.17 - S e a c a v e in the cliff that separates the upper a n d lower surfaces
at Clear Place Point.
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Figure 4.18 - Cliff a n d shore platform b e t w e e n Clear Place Point a n d Blinky
Point.
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Figure 4.19 - Mutton Bird Island and Sail Rock.

Figure 4.20 - Sail Rock (looking south). Pedestal is c. 20 m high.
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Figure 4.21 - Type B platform at Mutton Bird Island. Platform is c. 30 m wide.
The rock pools at the seaward edge of the platform have been preferentially
excavated in breccia.

4.4 Boat Harbour Breccia
An enlarged map of coastal landforms in the southern part of Lord Howe Island is provided in
Figure 4.22. Boat Harbour Breccia outcrops along 23 % of the coastline of Lord H o w e Island.
There is considerable lithological variation within the Boat Harbour Breccia, which is reflected
in coastal morphology. North and south of Mutton Bird Point, shore platforms in the Boat
Harbour Breccia exhibit a stepped profile owing to differential erosion of soft breccia, and hard
basaltic sills (Figure 4.23). Shore platforms north of Mutton Bird Point are relatively narrow (5
to 10 m ) , but platform width increases southward as water depth increases, and south of Mutton
Bird Point shore platforms are 10 to 20 m wide.

Beaches
Shore platforms
Talus-covered platforms
Hillslopes
Plunging cliffs
Cliffs fronted by beaches or s
Planated islands
Stacks
Sea caves

V

Blowholes
Arches
Roach Island Tuff
North Ridge Basalt
Boat Harbour Breccia
Mount Lidgbird Basalt
Talus

ra

Calcarenite
Holocene fringing reef
Clay, sand and m u d

Figure 4.22 - Coastal landforms in the southern part of the island.
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Figure 4.23 - Shore platform south of Mutton Bird Point. The platform has a
stepped appearance owing to the variation between low-resistance Boat
Harbour Breccia and resistant sills.

The section of coastline between Blinky Beach and Mutton Bird Point features 7 sea caves. The
cave closest to Blinky Beach (Figure 4.24) is 7.7 m deep, has a m a x i m u m width of 5.9 m , and
contains many rounded boulders ranging in size from diameters of just a few centimetres to 130
cm. Six dykes converge radially at the roof suggesting that differential erosion of dykes has led
to the development of this cave. The cave closest to Blinky Beach has a beach infrontof it at
low tide and the sea inundates only a small portion of the cave at high tide. T o the south,
however, sea caves are increasingly submerged (Figure 4.25).

Hence, whereas abrasion

processes m a y well have exerted an important control on beach-fronted caves, caves south of
Mutton Bird Point have probably been more influenced by hydraulic processes such as
quarrying. There are at leastfiveblowholes on the southern side of Mutton Bird Point (Figure
4.26).

Between Mutton Bird Point and Rocky Run, there is a change from a sea-cave dominated
coastline to a gulch-dominated coastline. This change in morphology is directly related to a
change in the nature of the Boat Harbour Breccia. Access to this section of coastline is difficult,
but inspection by boat revealed a contact in different units of the Boat Harbour Breccia midway
between Mutton Bird Point and Rocky Run (Figure 4.25). Whereas near Mutton Bird Point the
breccia isfine-grainedwith coarse basalt clasts, at Rocky R u n and Boat Harbour, the breccia is
massive and well indurated. F e w shore platforms have formed between Rocky Run and Boat

Figure 4.24 - Sea cave immediately south of Blinky Beach. Conditions suitable
for differential erosion are created through m a n y highly jointed dykes.

Figure 4.25 - Boat Harbour Breccia coastline between Blinky Beach and Rocky
Run. Note the change between sea cave dominated coastline to gulch dominated
coastline (photograph - E. Bryant).
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Harbour. T h e hillslope typically grades into the sea at angles between 12° and 18° with little
indentation at the shoreline (Figure 4.27). This coastal landform is distinct from both plunging
cliffs and shore platforms, but hillslopes appear to represent resistant surfaces (despite localised
gouging of highly jointed dykes) that have been subject to little erosion during the Holocene. In
this sense, hillslopes are similar to plunging cliffs.

Between Boat Harbour and Red Point, the Boat Harbour Breccia shows further lithological
variation which has resulted in diverse coastal morphology, including both caves and gulches,
until near Red Point where it is overlain by M o u n t Lidgbird Basalt and a talus deposit. Red
Point is a prominent headland that extends more than 500 m from the main coastline. It has an
elevation of more than 60 m with sheer cliffs on the northern side and less steep slopes that
follow the gradient of the talus on the southern side of the point. Shore platforms intermittently
fringe Red Point on both sides, but boulder beach deposits occur only on the northern side of the
point. There are two pedestals of rock at the seaward tip of Red Point that are composed of
Mount Lidgbird Basalt. These pedestals are surrounded by narrow shore platforms in places,
but the end of the point plunges (Figure 4.28).

Boat Harbour Breccia outcrops on the reef-protected coastline at Lovers Bay. A poorly
developed shore platform with an irregular surface occurs at this site, consisting of little more
than an extension of the hillslope from which the regolith has been cleared (Figure 4.29). Boat
Harbour Breccia outcrops at several further localities south of Lovers Bay, but the coastline is
typically a composite of sand and boulder beach with little evidence of platform development.

4.5 Mount Lidgbird Basalt
Mount Lidgbird Basalt outcrops on 20% of the coastline of Lord Howe Island. Of the 18.4 km
of coastline in this lithology, more than 6 4 % consists of talus slopes, 2 4 % plunging cliffs and
hillslopes, whereas only 1 0 % of the coastline has shore platforms. The remaining 2 % of the
coastline is composed of beaches of small boulders.

Plunging cliffs in Mount Lidgbird Basalt range in height between about 40 m in the vicinity of
Erskines Creek, to the spectacular 500 to 800 m-high plunging cliffs that occur between the
talus slope at King Point and the southern edge of The Little Slope (Figure 4.30). Plunging
cliffs typically descend into water depths of 10 to 20 m , but north of Erskines Creek, water
depths in front of plunging cliffs are less than 10 m.
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Figure 4.26 - Blowhole in the southern side of Mutton Bird Point.

Figures 4.27 - Hillslope at Rocky Run. Note that the hillslope generally enters the
sea with little evidence of erosion at sea level. The effect of waves has simply been
to remove vegetation.

Figure 4.28 - Red Point. The pedestals of Mount Lidgbird Basalt have narrow shore
platforms in places, but the seaward end of the point plunges into very deep water.

Figure 4.29 - Boat Harbour Breccia outcrops on the lagoonal coastline at Lovers
Bay. The breccia has been 'freshened' by wave attack, but there is little evidence
of platform formation.
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Plunging cliffs contrast with the gentler subaerial and submarine gradients of talus slopes. The
largest talus slope at Lord H o w e Island is known as The Big Slope (Figure 4.31). It extends 1.9
k m away from King Point to near Worlds End in the southeast of the island. Talus reaches an
elevation of about 220 m , above which cliffs rise 600 m . It is clear that water depths shallow
markedly off The Big Slope indicating that talus extends well below sea level. The Little Slope
occurs in a similar position on the western coastline (Figure 4.32). This talus slope is smaller
than The Big Slope with an extent of about 1.3 k m and an elevation of only 50 m . Water depths
also shallow off The Little Slope, but not to the same extent as at The Big Slope. The Big Slope
and The Little Slope occur at the base of M o u n t Gower. M o u n t Lidgbird does not have talus
material at the cliff foot, except along the lagoonal coastline where talus covers a basaltic shore
platform near Little Island.

A small talus slope, with a length of only 237 m, occurs on the western side of King Point. Thi
slope differs markedly in morphology to the other talus slopes in that it is highly cliffed (see
Figure 4.30). There is minimal cliffing of the toe of The Big Slope and The Little Slope,
because wave erosion during the postglacial marine transgression, and at the present-day, has
been matched by subaerial erosion of the high cliffs above the talus, which acts to maintain the
talus slopes. It seems likely that the lower cliffs at King Point have restricted the extent to
which subaerial erosion can maintain this talus slope; this is discussed further in Chapter 7.

Shore platforms form in the Mount Lidgbird Basalt where cliffs are less than 100 m in height.
However, plunging cliffs m a y occur adjacent to shore platforms w h e n there is little difference in
cliff height (Figure 4.33). The difference m a y result from varied nearshore water depths, but
differential weathering m a y be important at Erskines Creek where shore platforms form in rocks
that have honeycomb features, whereas plunging cliffs exist in rocks where honeycomb
weathering is not apparent. It m a y also be that some shore platforms develop where breccia
outcrops at sea level, whereas plunging cliffs form where basalt occurs at sea level. Certainly
lithology exerts an important control on the morphology of shore platforms, with platforms cut
in breccia (Figure 4.34) formingflattersurfaces than those cut in basalt.

Gower Island, just offshore from the southernmost point of Lord Howe Island contains the
highest concentration of dykes observed in the Mount Lidgbird Basalt, and is one of the rare
examples of shore platform formation in this lithology. The platforms are 9 to 11 m wide on the
west coast, 16 m wide on the east coast, 6 to 7 m wide on the north coast, and 10 m wide on the
south coast (although a section of this south coast consists of plunging cliffs). Shore platforms
at G o w e r Island are amongst the most elevated of any shore platforms at Lord H o w e Island
(elevations range between 6.6 and 8.1 m above L A T ) .
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Figure 4.30 - Spectacular northward view of the plunging cliffs on the south face of
Lord H o w e Island. Note also the cliffed talus slope on the western face of King Point
(photograph -1. Hutton).

Figure 4.31 - The Big Slope (eastern face of Mount Gower).

Ill

Figure 4.32 - The Little Slope (western face of Mount Gower).

Figure 4.33 - This photo is looking south from Red Point. The point in the
foreground has a shore platform, the middle point has an elevated bench, and
the point in the background consists of plunging cliffs.
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Small-scale erosional forms such as sea caves and blowholes are relatively less c o m m o n in the
M o u n t Lidgbird Basalt than in other lithologies. This is related to the relative paucity of dykes
in the M o u n t Lidgbird Basalt, but conditions suitable for differential erosion exist immediately
south of R e d Point where the contact between the Boat Harbour Breccia and the M o u n t
Lidgbird Basalt has been preferentially eroded into a sea cave. The M o u n t Lidgbird Basalt is
intruded by relatively large numbers of dykes at King Point and at G o w e r Island, and
differential erosion along the strike of one such dyke appears to have resulted in a small
blowhole at King Point (Figure 4.35). Sea caves south of The Little Slope and between T h e Big
Slope and Red Point cannot be clearly linked to erosional discontinuities.

4.6 Calcarenite
Although volcanic rocks dominate the rock coast geomorphology of Lord Howe Island, 22% of
the coastline is calcareous, of which 1 1 % is aeolianite/calcarenite and 1 1 % is carbonate sand.
Three small carbonate beaches exist along the exposed eastern coastline, but the lagoonal
coastline is the main site of carbonate beach. Calcarenite landforms contrast strikingly with
basaltic landforms; in particular, shore platforms are wider and flatter and form at low tide level.
However, coastal landforms formed in calcarenite along the exposed coastline also differ
markedly to the landforms eroded in calcarenite along the reef-protected coastline.

On the exposed coastline, cliffs and calcarenite shore platforms occur between Neds Beach in
the north (Figure 4.36) and Middle Beach in the south (Figure 4.37).

Small sections of

calcarenite platform can be observed at Blinky Beach, but these platforms are mostly covered
by sand. Along the exposed coastline shore platforms are generally 80 to 100 m wide. This is
about twice the width of the widest basalt platforms and twice the entire width of calcarenite
platforms on the sheltered coast. Platforms are generally cut into poorly consolidated aeolianite
that is subject to episodic slumping. However, at Searles Point, the platform is narrow and
rather steep, having been cut in an outcrop of palaeosol that is apparently more resistant than the
aeolianite. Calcarenite platforms are veryflatwith their landward edge below high tide level,
their seaward edge near low tide level, and a steep low-tide cliff that drops into about 1.5 to 2 m
of water.

Between Neds Beach and Searles Point, there are flat surfaces about 4 to 6 m above LAT (see
Figure 3.8), that are highly karstified with features such as lapies. It is possible that this surface,
which is quite level and continuous in places, m a y represent a raised shore platform that
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Figure 4.34 - S h o r e platform f o r m e d in breccia at King Point.
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Figure 4.36 - Calcarenite shore platform at Neds Beach.

Figure 4.37 - Calcarenite platform at Middle Beach. Note the algal rims that
enclose shallow pools of water on the platform surface.
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developed during the Last Interglacial (Brooke, 1999). However, through m u c h of the coastline
between Neds Beach and Middle Beach, raised benches are apparent not only at 4 to 6 m above
L A T , but also at levels close to 8 m , 10 m , and even 15 m above L A T (Brooke, 1999). These
benches are not as extensive as the surface that exists between 4 and 6 m above L A T , but in
each case, the formation of the bench is clearly related to the erosional discontinuity that exists
between aeolianite dune units and palaeosols or protocols. Hence, while it is possible that the 4
to 6 m bench m a y have formed during the Last Interglacial, it could also have formed
independently of sea level through differential weathering along the lithological discontinuity.

Beneath the 4 to 6 m surface a cave has been excavated in a point south of Neds Beach (Figure
4.38), and elsewhere, the upper surface is typically undercut by notches that range in depth
between 0.5 and 2 m . The aeolianite units that contain notches are generally part of the Searles
Point Formation, which was deposited prior to the Last Interglacial (Brooke, 1999; Price et al.,
2001). The development and preservation of erosional notches relates to the fact that Searles
Point Formation aeolianite is generally more consolidated than Neds Beach Formation
aeolianite that was largely deposited after the Last Interglacial.

On the reef-protected coastline, calcarenite cliffs and shore platforms are preserved at Cobbys
Corner and to the north of Johnsons Beach. Outcrops are also preserved at Signal Point and at
north of the Jetty towards Old Settlement Beach. A small area of aeolianite has been cliffed at
the eastern end of North Bay, but shore platforms have not developed.

Two distinct levels can be very clearly identified within the calcarenite shore platforms expo
on the reef-protected coastline (Figure 4.39), especially between the Boat R a m p and Signal
Point, but also at Cobbys Corner and near Johnsons Beach. The upper surface occurs above
high tide level, whereas the lower surface occurs a little above the level of low tide. The
average width of these platforms is about 50 m with the upper surface generally comprising
about half of that width. Several factors indicate that the upper surface was eroded during a
higher Holocene sea level: the elevation of the surface; its degree of weathering; and the fact
that m u c h of the aeolianite into which the upper surface has been cut was deposited after the
Last Interglacial (i.e., the upper surface cannot be Pleistocene in age).
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Figure 4.38 - Sea cave cut in calcarenite between Neds Beach and Searles Point
The tripod (c. 1.5 m high) is on a flat, raised bench that might be a Last Interglacial
shore platform.

Figure 4.39 - T w o levels of calcarenite shore platform along the lagoonal coastline
near Signal Point (photograph - D. Kennedy).
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4.7 Summary

Beaches occur predominantly along the lagoonal coastline, which is sheltered from the full forc
of ocean waves by afringingcoral reef. Where cliffs do occur along the sheltered coastline they
are comparatively low, etched into gentle hillslopes, and shore platforms are often veneered
with talus. However, 74 % of Lord H o w e Island's coastline is rocky and exposed to the full
force of ocean waves. Shore platforms are the most c o m m o n landform along the rock coastline
(55 % ) , followed by plunging cliffs (18 % ) and hillslopes (8 % ) , and cliffs that have basal talus
slopes (11 % ) .

Smaller scale erosional landforms, including sea caves, arches, gulches and

blowholes, occur throughout the exposed coastline. Sea caves are particularly numerous in the
Boat Harbour Breccia and the North Ridge Basalt where dykes provide ideal conditions for
differential erosion, but they do not occur in Roach Island Tuff where dykes are eroded into
arches, and in some areas of the Boat Harbour Breccia, erosion of dykes has resulted in gulches
rather than sea caves. It is notable that sea caves are m u c h less c o m m o n in the M o u n t Lidgbird
Basalt, which probably relates to the paucity of dykes in this unit.

Type B shore platforms have eroded into all lithologies along the exposed coastline, but basalt
platforms are relatively narrow in width (usually less than 50 m ) and are above the level of high
tide, whereas calcarenite platforms are wide, flat, and close to the level of low tide. Shore
platforms are prevalent throughout the North Ridge Basalt and the Roach Island Tuff, but are
only intermittently present where the coastline is composed of Boat Harbour Breccia and M o u n t
Lidgbird Basalt. Instead, the coastal scenery of the southern portion of the island is dominated
by spectacular plunging cliffs and large talus slopes.
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5. Resistance of rocks and erosive
force of waves
5.1 Introduction

The main factors controlling the erosion of rock coastlines are the erosive force of waves and
the resistance of rocks at the shoreline, including the extent to which rocks have been degraded
by weathering processes. Chapter 5 outlines the method by which these erosion parameters
were studied at Lord H o w e Island, and the results of data collection.

5.2 Rock resistance
The principal factors controlling the strength of solid rocks are the mineral composition,
structure and texture of the rocks, bedding, jointing and anisotrophy, water content, and the state
of stress in the rock mass. Civil engineers have incorporated these factors within classification
systems that estimate overall rock resistance (e.g. Deere and Miller, 1966; G S E W P , 1977;
Hoek, 1983; Palmstrom, 1996a, 1996b; Singh and Goel, 1999), but these concepts have not
been adequately assessed for use in geomorphological studies (Augustinus, 1991).

In geomorphological studies, evaluation of rock resistance requires consideration of the
dominant process that is acting to shape the landform (Augustinus, 1991). In this context,
important advances were m a d e by D a y and Goudie (1977), D a y (1980) and Cooks (1983), and
Selby's (1980) 'Rock Mass Strength' classification has been applied in a number of slope
stability studies (e.g. Augustinus, 1995a, 1995b). These studies are concerned principally with
assessing the resistance that rock masses have to subaerial processes, whereas geomorphological
studies of rock coasts require consideration of the impact of waves on coastlines. In this
respect, important advances were m a d e by Tsujimoto (1987) and Sunamura (1992) w h o studied
the relationship between rock resistance and the assailing force of waves (see sections 2.4.1 and
2.4.2). In recent years, quantitative assessments of rock resistance have been included within
studies by Belov et al. (1999), Budetta et al. (2000), Stephenson and Kirk (2000a, 2000b), and
Trenhaile (2000, 2001a, 2001b, 2001c).
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5.2.1 Rock hardness
Calculations of rock strength in rock coast geomorphology rely principally on quantification of
rock hardness, weathering, and the extent to which a rock surface is jointed. Rock hardness is
generally assessed through measures of compressive, tensile and shear strength in the
laboratory. Tsujimoto (1987) took rock cores from 25 sites within Japan and measured these
indices.

The cores comprised a range of rock types including sandstone, mudstone,

conglomerate, tuff, and basalt. A close relationship w a s observed between compressive strength
and tensile strength, shear strength and longitudinal sonic w a v e velocity (Figure 5.1), which
indicates that it is possible to use each of these measures as representative of rock strength.
However, Sunamura (1992) considered compressive strength to be the most appropriate
parameter for expressing the resistance of rocks in coastal settings.

For many geomorphological studies, it is convenient to take a proxy measure of unconfined
compressive strength using the Schmidt H a m m e r (Figure 5.2). The Schmidt H a m m e r was
developed in 1948 by Schmidt (1951) for carrying out in situ non-destructive tests on concrete.
It is operated by placing the plunger of the h a m m e r against a rock surface and depressing the
h a m m e r against the surface. Energy is stored in a spring that automatically releases at a
prescribed energy level and impacts a mass against the plunger. The height (or distance) of
rebound of the mass is measured on a scale. Elastic recovery of the rock surface depends on the
hardness of the surface, and hardness is related to mechanical strength; hence, the distance of
rebound is a relative measure of surface hardness or strength (I.S.R.M, 1978; Selby, 1980). The
rebound value, or r value, is measured on a scale on the hammer, and the value can be converted
to a measure of compressive strength using the charts produced by Deere and Miller (1966).
Three types of Schmidt H a m m e r have emerged as valuable tools for geomorphologists: the PType, L-Type, and N-Type hammers (Selby, 1980). The L-Type h a m m e r was used at Lord
H o w e Island2 (Figure 5.3).

The advantages of the Schmidt Hammer are that it is light, easy to carry, easy to use, relativ
cheap, and large numbers of tests m a y be m a d e in a short time from a variety of rock surfaces.
A disadvantage of the h a m m e r is that it is sensitive to discontinuities in a rock, such that even
hairline fractures can lower readings by 10 points (Selby, 1980).

2

The L-Type hammer is commonly used in geomorphological studies as it has a lighter impact than the
N-Type hammer, which is generally used to test concrete. The L-Type hammer is very similar in cross
section to the N-Type (Figure 5.2), but there is less hammer mass and the springs are smaller to allow for
a lighter impact (M. Norris, 2002, personal communication).

1. Impact plunger
3. Housing
4. Rider with guide rod
5. Scale
6. Pushbutton
7. H a m m e r guide bar
8. Disk
9. Cap
10. Two-part ring
11. Rear cover
12. Compression string
13. Pawl
14. H a m m e r mass
15. Retaining spring
16. Impact spring
17. Guide sleeve
18. Felt washer
19. Plexiglass window
20. Trip screw
21. Lock nut
22. Pin
23. Pawl spring

Figure 5.2 - Longitudinal profile of an N-type Schmidt H a m m e r
(after Hucka, 1965, p129).

Figure 5.3 - Schmidt h a m m e r testing at Lord H o w e Island.
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Hucka (1965) was one of thefirstproponents of the use of the Schmidt H a m m e r . H e argued
that the existing method of determining the mechanical properties of rocks, which was based on
laborious sampling, shaping of samples to the proper form, and then testing in the laboratory,
was wasteful in time and deficient because the actual test was conducted on a specimen that was
removed from the rock mass. Hucka (1965) conducted a series of Schmidt H a m m e r tests and
load tests on slate, siltstone and sandstone lithologies. The ultimate strength in uniaxial
compression was plotted against the Schmidt H a m m e r rebound values for each sample lithology
and the results were scrutinised with consideration afforded to the discontinuities present in the
sampling vicinity. Hucka (1965) concluded that the Schmidt H a m m e r is a sufficiently accurate
means by which rock strength can be determined in situ.

Allison (1988, 1990) used a non-destructive ultrasonic apparatus to measure the dynamic elasti
moduli (similar to Young's Modulus) of limestone. Based on the results of this research,
Allison (1988, 1990) concluded that the non-destructive ultrasonic method of measuring rock
strength provides more accurate data than the Schmidt H a m m e r technique, and that the elastic
properties of rock represent a better indicator of resistance to erosion than rock strength.
Augustinus (1991) rejected this view on several grounds. Firstly, dynamic elastic moduli are
affected by rock property factors such as mineralogy, texture, density, porosity, anisotrophy,
water content, and temperature; however, with respect to controls on erosion resistance, factors
such as the degree of weathering, joint spacing, and joint infill of a rock mass m a y be of greater
importance. Secondly, Young's Modulus is a measure of the capacity of a rock cylinder to
expand laterally w h e n under an axial load, and while this m a y be a good indicator of rock
susceptibility to fracturing under a load, Allison's (1988) suggestion that dynamic Young's
Modulus is a good indicator of rock resistance to erosion is not valid without indicating the
process that the rock is resisting and h o w that resistance operates. Thirdly, while Allison (1990)
obtained a low correlation between Schmidt H a m m e r rebound values and the appropriate rock
yield strength value, Hucka (1965), Deere and Miller (1966) and Yaalon and Singer (1974)
returned high correlations between Schmidt H a m m e r values and compressive strength values.
The correlation improves further if the Schmidt H a m m e r rebound values are multiplied by the
dry unit weight of the rock under investigation (Deere and Miller, 1966). Augustinus (1991)
concluded that without more detailed field and laboratory assessment, Allison's Schmidt
H a m m e r tests on limestone do not detrimentally reflect on the application of the test to other
lithologies. Augustinus (1991) concluded that the Schmidt H a m m e r test is a satisfactory field
indicator of intact rock strength.
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5.2.2 Geomorphological applications of the Schmidt H a m m e r
Amongst the first applications of the Schmidt Hammer in geomorphology are the studies of
Monroe (1966) and Yaalon and Singer (1974). Monroe (1966) used the Schmidt H a m m e r to
investigate case hardening on limestones in Puerto Rico and Indonesia, while Yaalon and Singer
(1974) used the h a m m e r to assess the degree of change in rock strength induced by
calcretisation of limestones in Israel. However, prior to 1980, there were relatively few
applications of the Schmidt H a m m e r in geomorphological studies (Day and Goudie, 1977, Day,
1980). In contrast, several recent geomorphological studies have made used of the Schmidt
H a m m e r test (e.g. Haslett and Curr, 1998; Trenhaile et al., 1998; Trenhaile et al., 1999; Budetta
et al., 2000; Stephenson and Kirk, 2000a, 2000b).

The resistance that rocks have to erosion is a function not only of rock hardness, but also o
extent to which the surface is weathered and interrupted by discontinuities. Sunamura (1992)
reported that while there are m a n y studies of weathering on rock coasts, no attempt has been
made to quantitatively evaluate weathering-induced deterioration of coastal rocks.

He

suggested that the absence of such a technique could be ascribed to the lack of development of
in situ measuring techniques for the strength of weathered materials, and the lack of a relevant
index for the degree of weathering.

To some extent, the Schmidt Hammer represents a suitable tool through which quantification of
weathering-induced reduction in rock hardness can be achieved. Barton and Choubey (1977)
provided an early illustration of the technique when they estimated the shear strength of rock
joint walls, in part, by reference to the ratio between the Schmidt H a m m e r rebound number on
the joint wall and the unweathered rock. Further, D a y (1978) noticed that limestones with high
Schmidt H a m m e r values take longer to dissolve in acid and sodium sulphate solutions than
limestones of lower hardness readings. This demonstrated that the Schmidt H a m m e r test gives
a good indication not only of mechanical strength, but also of resistance to weathering and
erosion.

Since these studies, the Schmidt Hammer has been quite widely used in studies of rock
weathering and for determining relative ages of surfaces (e.g. McCarroll, 1989, 1991;
Ballantyne et al., 1989; Sjdberg and Broadbent, 1991; Evans, 1997, 1999; Haslett and Curr,
1998; Stephenson and Kirk, 2000b; Betts and Latta, 2000). The application of the technique is
summarised by Stephenson (1997, p243): "Whether or not weathering has occurred is
determined by comparing the difference between rebound values for exposed weathered rock
surfaces, with values from freshly exposed unweathered surfaces."
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5.2.3 Discontinuities
Terzaghi (1962) demonstrated the extent to which the mechanical strength of cliffs is dependent
on discontinuities using a formula that showed that without structural defects, even very weak
rocks with a compressive strength of only 34.5 M P a , could theoretically have vertical cliffs of
1,260 m height. For hard rocks such as granite and basalt, the vertical height of cliffs could be
m u c h greater. Terzaghi (1962) stated that cliff heights in nature do not reach those predicted,
and m a n y gentler slopes of m u c h smaller heights have failed; hence, it is clear that the nature of
slopes on unweathered rock is determined by the mechanical defects of the rock such as joints
and faults, not by the strength of the rock itself.

The question of how to relate the effects of discontinuities to rock resistance represents a
problem for rock coast geomorphologists, especially w h e n dealing with densely jointed rocks
(Sunamura, 1992). The strength reduction of rocks by joints is controlled by several joint
properties, including the opening, interval, extent (continuity), inclination and orientation of
discontinuities, but the spacing of joints is often of particular importance (e.g. Hayashi, 1966;
Marsland, 1972).

Suzuki (1982) developed a discontinuity index by comparing the longitudinal wave velocity
measured in a rock body in situ and the longitudinal wave velocity measured in a specimen
without visible discontinuities. This number was then multiplied by the compressive strength of
the rock. Tsujimoto (1987) applied this technique to 25 field sites around Japan where he was
able to successfully discriminate between shore platforms and plunging cliffs. Despite these
efforts, Sunamura (1992) concluded that a decision on the most appropriate parameter to
quantify this effect is still awaited.

Budetta et al. (2000) quantified rock resistance by applying the Rock Mass Index engineering
classification developed by Palmstrom (1996a).

The technique involves multiplying

compressive strength, which Budetta et al. (2000) measured with a Schmidt H a m m e r , by a
jointing parameter that comprises block volume and joint condition factors such as the
roughness of joint walls, the character of the joint wall including possiblefillingand thickness,
and the length and continuity of the joints. This technique allowed Budetta et al. (2000) to
estimate the force of waves attacking a coastline, where historical rates of cliff retreat were
known, and where the mechanical strength of rocks was derived with the Rock Mass Index.
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5.2.4 Methodology for evaluating rock resistance
Day and Goudie (1977) and Selby (1980) have recommended methods for using the Schmidt
H a m m e r in geomorphological studies. The method used on Lord H o w e Island largely follows
these recommendations.

In order to eliminate as much variability as possible, test sites should be more than 6 cm
edge or joint. Test sites should also be prepared with a carborundum wheel so that surfaces are
smooth and free fromflakesor dirt (carborundum does not remove the outer weathered surface,
it just provides for a level test surface). The Schmidt H a m m e r should be moved to a fresh site
for each test, as a repeated test on the same spot will result in increased readings owing to local
crushing of rock (Day and Goudie, 1977; Selby, 1980). Whereas Day and Goudie (1977)
advised that 10 or 15 impacts should be made at each spot, Selby (1980) suggested 15 to 25
impacts, and Selby (1993) recommended 20 to 50 impacts depending on the variability of the
rock surface. In the engineering literature, Hucka (1965) suggested 10 impacts, Young and
Fowell (1978) recommended single impacts, Poole and Farmer (1980) suggested five impacts,
and the I.S.R.M (1978) suggested 20 impacts. At Lord H o w e Island, a minimum of 10 Schmidt
H a m m e r tests per site was adopted. A test site at Lord H o w e Island is an area of about 1 m 2 ,
where a minimum of 10 Schmidt H a m m e r tests can be conducted at the required distance from
fractures, on a surface that is approximately uniform in terms of inclination, lithology, and
jointing.

The angle at which the Schmidt Hammer is applied to a surface influences the rebound value
owing to the action of gravity on the travel of the mass in the hammer (Day and Goudie, 1977).
Hence, a correction should be made for those rebound values recorded when the Schmidt
H a m m e r is held away from the horizontal. Day and Goudie (1977, p25) provide a table for this
purpose, and this table was used to correct the Schmidt H a m m e r data collected at Lord H o w e
Island (Appendix A ) .

It is suggested that Schmidt Hammers be regularly calibrated against a test anvil as each
hammer has a slightly different rebound (Day and Goudie, 1977; Selby, 1980). Alternatively,
the manufacturers indicate that old hammers m a y be calibrated against newer hammers, but
McCarroll (1987) reported that even new or newly adjusted hammers are not directly
comparable, nor can the condition of older hammers be deduced by comparison with a new or
newly adjusted hammer. A test anvil was not available for the Schmidt H a m m e r used at Lord
H o w e Island, but repeat testing over a period of several years on outcrops near Wollongong,
N e w South Wales, returned consistent rebound values (R. W . Young and R. Wray, 1999,
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personal communication). Moreover, repeated testing of the same outcrops at Lord H o w e
Island over a period of three years also returned similar m e a n rebound values.

McCarroll (1987) identified five sources of instrument error associated with the application
the Schmidt H a m m e r . Aside from calibration errors, it was noted that poor adjustment or wear
m a y produce some values that are anomalously low, but these outlying values can be omitted
statistically. The final sources of error relate to deterioration of the consistency of rebound
numbers with increased h a m m e r use. McCarroll (1987) observed that m e a n rebound values
tend to decline with increased h a m m e r use, although this is not necessarily a predictable pattern
of decline. Further, there is a tendency for the spread of rebound values to increase with
Schmidt H a m m e r usage.

Deere and Miller (1966) considered the upper 50 % of Schmidt Hammer rebound values as
being most representative of rock strength for any particular rock group. However, they noted
that there was surprisingly little variation between the average values for all readings compared
to the average taken from the upper 50 % of all readings. Selby (1980) indicated that the most
reliable results are obtained if the upper and lower 20 % of rebound values are ignored, although
it was later suggested that only the lower 20 % of values should be ignored (Selby, 1993).

Poole and Farmer (1980), in addressing suggestions that Schmidt Hammer values may be
insufficiently reliable for some design or contract decisions, conducted a comprehensive testing
programme in a shallow tunnel in Coal Measures rocks in order to examine the consistency and
repeatability of the Schmidt H a m m e r , and to ascertain the best procedure for recording rebound
values.

In addition to a finding that Schmidt H a m m e r rebound values were statistically

consistent, Poole and Farmer (1980) noted that rebound values have a tendency to rise and to
show an excessively high variation over the initial three impacts at any spot. Thereafter, the
variation between values is small up to the tenth impact. Further, it was discovered that the
lowest level of variation between rebound values was associated with peak rebound values.

The findings of Poole and Farmer (1980) are consistent with a number of studies that indicate
that low Schmidt H a m m e r values are generally least reliable. The engineering literature has
several suggestions for the removal of erroneous values, but the suggestion of the I.S.R.M
(1978) that only the upper 50 % of Schmidt H a m m e r rebound values be used to derive an
average value has become widely accepted in engineering circles (Goktan and Ayday, 1993).

Gdktan and Ayday (1993) objected to the ISRM (1978) technique arguing that there is no
statistical justification for the dismissal of the lower 50 % of values. They contended that low
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Schmidt H a m m e r values cannot be attributed entirely to factors such as crushing of loose grains,
block movement in closely jointed rock, and the physical state of the test instrument. Instead,
Gdktan and Ayday (1993) pointed out that there are no perfectly homogenous rock formations
in nature and such variations encountered in rock testing should inevitably include variations
inherent within a particular formation. Further, because unreasonably low readings can be
avoided if the sample surface is cleaned with carborundum, and readings are conducted on
points away from discontinuities, the problem in practice reduces to finding a means of
eliminating those erroneous readings caused by the improper functioning of the hammer.
Gdktan and Ayday (1993) suggested that the solution lies with finding an objective means of
eliminating those erroneous observations rather than eliminating a certain portion of the
observations subjectively or arbitrarily. T o accomplish this, it was suggested that Chauvenet's
criterion be applied to the data set to statistically identify outlying values that do not belong to
the population.

Chauvenet's criterion states that an observation in a sample size of N is rejected if it has a
deviation from the mean greater than that corresponding to a V2 N probability. The procedure
follows: (1) compute the m e a n and standard deviation of all observations; (2) determine the
ration of the "suspiciously" large deviation; (3) determine the limiting value p of this ratio
(Appendix B ) for the corresponding number of determinations N; and (4) if the observed ration
is greater than the value found in the table, the observation m a y be rejected (Gdktan and Ayday,
1993).

„ . suspected outlier - mean
Ration = — standard deviation

If ration <p then the value is not an outlier. If ration >p, then the ration can be considered a
outlier and omitted from the sample population.

The conjecture of Gdktan and Ayday (1993) that erroneous values should be removed
objectively is accepted for the Schmidt H a m m e r testing programme at Lord H o w e Island. The
procedure is applied only to low values, for, as Gdktan and Ayday (1993) noted, it is
mechanically impossible to attain erroneously high rebound values.

The impact of weathering at Lord Howe Island was assessed through Schmidt Hammer testing
of adjacent weathered and unweathered surfaces. The outer weathered surface of rock was
removed using a Geological H a m m e r . Adjacent surfaces were then tested according to the
method outlined, and outlying values were removed using Chauvenet's criterion. A limitation
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with the technique is that removal of weathered surfaces requires hammering that m a y compress
the weathered test surfaces to some extent. Schmidt H a m m e r testing on these compressed
surfaces m a y therefore over-represent the hardness of weathered rock and under-represent the
extent of weathering.

The influence of discontinuities was considered at Lord Howe Island through measurements and
descriptions of the characteristics of joints at each Schmidt H a m m e r test site, particularly with
respect to the density, orientation, width, and continuity of joints. Viewed alongside rock
hardness and weathering data, data on joint characteristics can be directly related to observed
variations in morphology.

5.2.5 Rock resistance results
This section summarises the results of Schmidt Hammer testing and analysis of rock joints at
Lord H o w e Island. The spatial distribution of Schmidt H a m m e r tests is described, as is an
assessment of the accuracy of Schmidt H a m m e r testing in relation to the replicability of tests
and the influence of outlying values. The remainder of the section addresses the characteristics
of the different lithologies around the island, including assessments of rock hardness,
weathering and jointing. All m e a n Schmidt H a m m e r values are reported with a margin of error
that represents the 95 % confidence interval about the mean. The statistical tests are Student ttests, which are based upon independent sample populations with assumed equal variances. The
t-tests were conducted at the 95 % confidence level using the statistical package 'Analyse-it'
(version 1.62).

Spatial distribution of Schmidt Hammer tests, outliers, and repeatability of tests

Figure 5.4 indicates the localities at which Schmidt Hammer tests were conducted around Lord
H o w e Island. A summary of the total number of tests at each locality as well as the total
number of outliers at each locality is presented in Table 5.1. Tests were conducted on the North
Ridge Basalt (39 % ) , the Boat Harbour Breccia (21 % ) , Mount Lidgbird Basalt (17 % ) , Roach
Island Tuff (13 % ) and calcarenite (10 % ) .

About 6,000 individual Schmidt Hammer rebound values were recorded at Lord Howe Island,
of which, only 2 % were statistically determined to be outliers. A slightly higher percentage of
outliers was recorded in the Mount Lidgbird Basalt, North Ridge Basalt and Boat Harbour
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Roach Island Tuff
North Ridge Basalt
Boat Harbour Breccia
XS1 Mount Lidgbird Basalt

tfVJg Talus
f-i—i

ill

Calcarenite
Holocene fringing reef
Clay, sand and mud

1. North Rock
2. Roach Island
3. Malabar Point
4. Stevens Point (north)
5. Stevens Point (south)
6. Old Gulch
7. North Ridge
8. Dawsons Point
9. Rabbit Island
10. Middle Beach/Clear Place Point
11. Clear Place Point (lower platform)
12. Clear Place Point (upper platform)
13. Blinky Point
14. Sail Rock
15. Mutton Bird Island
16. Lovers Bay
17. North of Little Island
18. North of Mutton Bird Point
19. South of Mutton Bird Point
20. Rocky Run
21. Boat Harbour
22. Red Point
23. Little Island
24. Gower track
25. Erskines Gulch
26. King Point
27. Gower Island
28. Neds Beach
29. Boat ramp
30. Middle Beach
31. Cobbys Corner
32. North of Lovers Bay

Figure 5.4 - Location of Schmidt H a m m e r test sites.
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Table 5.1 - Number of Schmidt Hammer tests conducted and outliers incurred.

Lithology

Roach Island Tuff

North Ridge Basalt

Site
(see
Figure
5.4)

Location

1
2
3
4,5

North Rock

6
7
8
9

Total
number
of tests

Roach Island
Malabar Point
Stevens Point

59
145
226
360
790
725
324
129
87
716
240
119
61

5963
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2.16

19
20
21

Mutton Bird Point (south)
Boat Harbour
Rocky Run
Intermediate Hill

214
205
436
49

22
23
24
25
26
27

Red Point

Gower Island

44
305
155
92
332
83
1011

Calcarenite

TOTAL

28
29
30

Jetty to Boat R a m p

31,32

Cobbys Corner

Neds Beach
Middle Beach

1.11

0.51

72
24
178

King Point

2.65

155
158
184
86
583

Lovers Bay
Near Little Island
Mutton Bird Point (north)

Erskines Gulch

2.76

1.87
1.95
1.38
0.00
2.21
0.00

16
17
18

Gower track

1.69

4
4
6
0
26
0
7
4
2
11
2
26
0
2
1
0
3

13
14
15

Little Island

1
4
6
4

1.90
3.17
1.54
0.00
2.30
2.79
0.83
5.04
1.64
2.46
4.17
0.00
5.06

1178
Mount Lidgbird Basalt

outliers

of

15
23
5
0
2
20
2
6
1
59
3
0
9

2401
Boat Harbour Breccia

%of

outliers

Old Gulch
North Ridge tracks
Dawsons Point
Rabbit Island
Clear Place Point
Blinky Point
Mutton Bird Island
Sail Rock

10-12

Total
number

2.30
2.58
2.17
3.31
2.41
2.57
0.00
1.27
0.54
0.00
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Breccia, whereas a slightly lower percentage of outliers was recorded within the Roach Island
Tuff and only 0.5 % of values from calcarenite were determined to be outliers.

The low percentage of outliers in the sample populations at Lord Howe Island attests to the
reliability of the Schmidt H a m m e r that was used, but it also reflects the nature of the lithologies
that were tested. Schmidt H a m m e r tests conducted on massive sections of basalt and dyke were
typically distributed with a narrow variation about the mean. F e w outliers were observed in
these populations, which attests to the reliability of the h a m m e r w h e n care is taken to smooth
sample surfaces and test well clear offractureswithin the rock surface. Schmidt H a m m e r tests
conducted on breccias and tuffs had a high degree of variation within the data as hard basaltic
clasts contrast with areas of softer matrix. The high variation reduces the chance of values
being deemed outliers, as Chauvenet's criterion rejects an observation in a sample size of N if it
has a deviation from the mean greater than that corresponding to a V2 N probability. Whereas
some other techniques arbitrarily remove a certain percentage of low values (e.g. Selby, 1993)
the statistical technique utilised in this study recognises that low Schmidt H a m m e r values m a y
be an important part of the sample population. For instance, it seems that the weakest element
of the breccia and tuff units at Lord H o w e Island, and therefore the elements most likely to
control the erosion resistance of these rocks, are described by the low Schmidt H a m m e r values
that come from the matrix of the breccias and tuffs, rather than the hard basaltic clasts that are
scattered through the matrix.

The repeatability of the Schmidt Hammer was investigated at Curio Point through hardness
testing of a distinctive olivine-rich dyke (Figure 5.5) in 1999, 2000 and 2001. M e a n Schmidt
H a m m e r values of 42.4 + 3.4 and 43.2 ± 2.6 were obtained in 1999 and 2000 respectively.
These samples were deemed not to be significantly different; however, a mean value of 38.1 +
2.4 obtained in 2001 was significantly different from the earlier data. McCarroll (1987) noted
that m e a n Schmidt H a m m e r values tend to decrease over time, but the pattern of decrease is not
necessarily predictable. The variation observed in hardness testing on the dyke at Curio Point is
more likely an artefact of the natural variation within the dyke rather than mechanical
malfunction of the hammer. Indeed, at other localities around Lord H o w e Island, results were
reasonably consistent over the study period, as had been previously noted through several years
of testing around the Illawarra.
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Figure 5.5 - Dyke at Curio Point on which repeated Schmidt
H a m m e r testing w a s conducted.

Rock hardness overview

Figure 5.6 presents non-parametric box and whisker plots that summarise the results of Schm
H a m m e r tests conducted at Lord H o w e Island. Excluding intrusive dykes and sills, the hardest
rocks at Lord H o w e Island are the massive basaltic sections of the North Ridge Basalt and
Mount Lidgbird Basalt lava flows, which have mean Schmidt H a m m e r values of 46.0 ±0.8 and
51.6 ± 1.0 respectively. The brecciated surfaces of the Mount Lidgbird Basalt returned a mean
Schmidt H a m m e r value of 28.8 + 1.4, which is again higher than the value of 25.7 ± 0.8
returned from the brecciated surfaces of the North Ridge Basalt.

These differences are

statistically significant at the 9 5 % confidence level and it can be concluded that the basalt and
breccia of the Mount Lidgbird Basalt is harder than the North Ridge Basalt. Boat Harbour
Breccia is the next hardest lithology on Lord H o w e Island with a mean Schmidt H a m m e r value
of 41.2 ± 0.9, while the Roach Island Tuff is the weakest of the basaltic lithologies with a mean
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Figure 5.6 - B o x and whisker s u m m a r y plots of the Schmidt H a m m e r hardness values
measured for each lithological unit at Lord H o w e Island. (The numbers on the x axis refer
to locations in Figure 5.4).
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Schmidt H a m m e r value of 28.0 ± 0.8. Overall, the least hard lithology on Lord H o w e Island is
calcarenite, which has a mean Schmidt H a m m e r value of 23.5 ± 0.8.

Numerous dykes intrude the Roach Island Tuff, North Ridge Basalt and Boat Harbour Breccia,
but they are m u c h less c o m m o n within the younger Mount Lidgbird Basalt. The hardest dykes,
with a mean Schmidt H a m m e r value of 52.5 ± 0.9, occur within the Boat Harbour Breccia,
followed by dykes within the North Ridge Basalt and Roach Island Tuff which have mean
values of 49.6 + 0.8 and 45.6 + 1.6 respectively. Dykes within the Mount Lidgbird Basalt are
least hard with a mean value of 42.2 ± 3.4, although this small dataset is distorted by an
unusually soft dyke tested at Red Point. Dykes are generally harder than the rock that they
intrude. This is particularly true for the Boat Harbour Breccia and the Roach Island Tuff as well
as the brecciated surfaces of the Mount Lidgbird Basalt and the North Ridge Basalt. B y
contrast, the North Ridge Basalt is somewhat similar in hardness to the intruding dykes,
although the difference between the means of these populations is significant at the 95 %
confidence level.

Hardness of rocks and the extent of weathering

The results of Schmidt Hammer testing at Lord Howe Island are summarised in Appendix C.
M e a n Schmidt H a m m e r values are reported, together with 95 % confidence intervals about the
means. Except when otherwise stated, all Schmidt H a m m e r tests were conducted on weathered
rock surfaces. In a number of instances it was possible to remove the weathering rind on rocks
to expose comparatively fresh and unweathered rock. The method is particularly appropriate for
basaltic lavas and dykes, which are weathered predominantly by exfoliation, whereas removal
of the outer layer of rock from breccias, tuffs and calcarenites generally exposed rock that was
nofresher,nor more consolidated than weathered rock. In instances where fresh rock was
exposed, a calculation of the percentage reduction of rock strength by weathering was made
(provided that t-tests revealed a significant difference between the hardness of weathered and
unweathered rock) by comparing Schmidt H a m m e r hardness values from weathered and
unweathered rock. The method follows a number of other studies (e.g. Stephenson, 1997) in
which reduction in hardness is assumed to be attributable to weathering. The results of these
tests are summarised in Appendix C.

The distribution of Schmidt Hammer hardness values is presented schematically in three
figures. Figure 5.7 presents scatter plots that display (a) the mean hardness values of different
rock types against location, and (b) the mean hardness values of weathered and fresh rock
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surfaces against location. Figures 5.8 and 5.9 present box-plots that summarise the distribution
of non-parametric statistics for rock hardness, and the hardness of weathered and unweathered
surfaces.

Roach Island Tuff

Figures 5.7, 5.8 and 5.9 suggest three major points of note from the results of Schmidt Hammer
testing on Roach Island Tuff: (1) on average, dykes are significantly harder than the tuff that
they intrude; (2) tuff at the Admiralty Islands (r = 31.8 ± 1.0) is significantly harder than tuff on
the mainland (r = 23.4 + 1.1); (3) there is no significant difference between weathered and fresh
tuff and dyke at Roach Island, but dykes at Malabar Point have been reduced in hardness by
weathering by about 17 %; it should be noted, however, that there is considerable spread within
the data for weathered dykes at Malabar Point (Figure 5.9).

North Ridge Basalt

The hardest North Ridge Basalt is located on Mutton Bird Island, Sail Rock, and at Dawsons
Point (average = 54.8 ± 1.0). The mean Schmidt H a m m e r values at these locations could not be
distinguished statistically. At Sail Rock, very little basalt is exposed and the island is composed
predominantly of dykes. Schmidt H a m m e r testing confirmed these dykes to be the hardest of
any tested at Lord H o w e Island (r = 57.5 ± 2.2). B y contrast, dykes at Mutton Bird Island are
considerably less hard than the host basalt, but these dykes are relatively minor when compared
with the total area of basalt lava exposed at Mutton Bird Island. It is also notable that the flow
surface breccias at Mutton Bird Island are harder than any other breccias in the North Ridge
Basalt. Hence, the Schmidt H a m m e r data from Mutton Bird Island and Sail Rock indicates that
the greater resistance of these islands to erosion reflects, in part at least, the hardness of their
rocks. The preservation of Rabbit Island can also be ascribed to the hard dykes of which it is
composed (r = 54.9 ± 2.2 versus the average hardness of dykes in the North Ridge Basalt, r =
49.6 ± 0.8).

North Ridge Basalt is of intermediate hardness at Old Gulch, North Ridge and on the northern
side of Clear Place Point where mean Schmidt H a m m e r values of 48.3 ± 1.2, 45.2 ± 1.5 and
44.2 ± 1.5 were obtained. B y contrast, the basalt is highly vesiculated and of low hardness on
the modern shore platforms at Clear Place Point (r = 40.7 ± 1.6), and at Blinky Point (r = 33.1 +
2.7). However, the least hard and most vesicular basalt at Lord H o w e Island occurs on the
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upper surface at Clear Place Point (r = 30.0 ± 2.7). It was impossible to comparatively test
weathered and unweathered surfaces of basalt on the upper surface as removal of the weathered
layer resulted in fracturing of the underlying rock. However, Schmidt H a m m e r testing of a
dyke on the upper surface suggested that weathering had reduced the hardness of the dyke by
about 35 %. This is the largest reduction of rock strength by weathering noted at Lord H o w e
Island, and it indicates that this surface is older than modern shore platforms. For instance,
Schmidt H a m m e r testing of weathered and fresh surfaces on the modern shore platform on the
northern side of Clear Place Point could not statistically distinguish between weathered and
fresh breccia and dykes, while basalt had been reduced in hardness by about 12 %. At Blinky
Point weathering processes had reduced the hardness of the dyke by about 9 %, and at Old
Gulch, while the m e a n rebound values returned from fresh sectors of breccia, basalt and dykes
were always above the values returned from adjacent weathered sectors of rock, these
differences were not statistically significant at the 95 % confidence level.

Figures 5.7, 5.8 and 5.9 demonstrate that considerable differences exist in the hardness of bas
breccia and dykes at each location within the North Ridge Basalt. In particular, it is apparent
that basalt and dykes are generally considerably harder than breccia. However, where basalt is
highly brecciated, such as at Blinky Point, there is comparatively little difference in hardness
between the basalt and breccia.

Boat Harbour Breccia

The hardest Boat Harbour Breccia (r = 57.5 ± 3.2) is located at Lovers Bay on the lagoonal
shoreline. The dykes that intrude the indurated breccia at Lovers B a y are of similar hardness
(53.4 + 2.5) and a t-test could not distinguish the means of these populations at the 95 %
confidence level. The similarity in hardness of dykes and Boat Harbour Breccia at Lovers Bay
has resulted in a platform profile that is relatively uniform. B y contrast, at each test location on
the eastern coastline, the hardness of Boat Harbour Breccia is significantly below the hardness
of intrusive dykes and sills.

Figure 5.7 demonstrates that along the eastern coastline, the Schmidt Hammer hardness of Boat
Harbour Breccia increases from north to south (i.e., hardest breccia at location 21, least hard
breccia at location 18), whereas the hardness of dykes increases in the opposite direction (i.e.,
hardest dykes at location 18, least hard dykes at location 21). Therefore, the disparity between
the hardness of dykes and breccia is greatest near Mutton Bird Point and least near Rocky R u n
and Boat Harbour.
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Fresh surfaces of Boat Harbour Breccia and dykes near Mutton Bird Point returned slightly
higher mean Schmidt H a m m e r values than weathered surfaces, but the differences were not
statistically significant at the 95 % confidence level. B y contrast, the more indurated breccia at
Boat Harbour returned a mean Schmidt H a m m e r value of 37.8 ± 3.7 from the weathered
surface, and 56.3 ±1.0 from the fresh surface. The data indicates that weathering had reduced
the hardness of the Boat Harbour Breccia by about 33 %. At Rocky Run, weathered and fresh
surfaces of dykes returned mean Schmidt H a m m e r values of 45.8 ± 4.0 and 55.2 +1.5
respectively. The data indicates that weathering m a y have reduced the hardness of the dykes by
approximately 17 %.

Mount Lidgbird Basalt

Red Point has been included within the Mount Lidgbird Basalt sequence for the purpose of thi
analysis, but the geology of Red Point is complex with outcrops of Boat Harbour Breccia, talus
deposits and Mount Lidgbird Basalt. F e w Schmidt H a m m e r tests were conducted on the point
and interpretation of results must be cautious. Notwithstanding this, the one sequence of
Schmidt H a m m e r tests conducted on the Mount Lidgbird Basalt at Red Point provided the
highest mean Schmidt H a m m e r value obtained from Lord H o w e Island with an average value of
62.3 ± 2.0. O n e dyke was also tested at Red Point, which resulted in a low mean rebound value
of 31.7 + 3.2. A breccia that overlies the basalt was also tested for Schmidt H a m m e r hardness.
This breccia, which was quite different in form to flow-top breccias, returned a mean Schmidt
H a m m e r value of 30.8 ± 3.9.

The hardest rock at Lord Howe Island, after the basalt at Red Point, is the Mount Lidgbird
Basalt at King Point which returned a mean Schmidt H a m m e r value of 58.8 ± 0.8. Gower
Island and Erskines Gulch returned mean Schmidt H a m m e r values of 53.2 + 2.2 and 53.2 + 1.6
respectively. These values are marginally higher than average for the Mount Lidgbird Basalt,
while a slightly lower than average value of 49.9 ± 1.6 was returned from Schmidt H a m m e r
tests conducted along the Mount Gower walking track, and a substantially lower than average
value of 42.2 ± 2.2 was returned from near Little Island.

The brecciated surfaces of the Mount Lidgbird Basalt returned statistically similar rebound
values (average r = 27.6 +1.5) from Erskines Creek, King Point, and the Mount Gower track,
but the breccia was significantly harder at Gower Island (r = 34.7 ±1.7). Gower Island is
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intruded by several dykes which have a mean Schmidt H a m m e r rebound value of 48.3 ±1.7. A
t-test demonstrated a statistically significant difference between the mean value of dykes and
basalt at Gower Island.

A significant difference was discovered between the Schmidt Hammer hardness of weathered
and fresh breccia at King Point (weathered breccia r = 18.8 ± 1.0, fresh breccia r = 24.1 ± 1.8).
This difference indicates that weathering m a y have reduced the Schmidt H a m m e r hardness of
the breccia by about 22 %. Significant differences were discovered between the hardness of
weathered and fresh basalt at King Point and at Little Island, where rock hardness was reduced
by weathering by about 18 % and 10 % respectively.

Calcarenite

Schmidt Hammer testing was conducted on calcarenite along the lagoonal coastline between the
jetty and the boat ramp (Neds Beach Formation), and between Cobbys Corner and Lovers Bay
(Neds Beach Formation, Cobbys Corner Member). O n the exposed eastern coastline, Schmidt
H a m m e r testing was conducted on the Searles Point Formation at Neds Beach, and on the Neds
Beach Formation and Middle Beach M e m b e r at Middle Beach.

Two levels of calcarenite platform may be discerned along the lagoonal coastline. The upper
surface, which has been interpreted as a relict feature planated during the mid Holocene
(Woodroffe et al., 1995), returned respective mean Schmidt H a m m e r values of 17.7 ± 1.3, 21.6
± 1.3 and 18.6 ±1.4 from Lovers Bay, Cobbys Corner and between the jetty and the boat ramp.
Schmidt H a m m e r testing conducted on the lower surface at Cobbys Corner and between the
jetty and the boat ramp returned mean Schmidt H a m m e r values of 29.7 ± 2.7 and 28.2 ± 2.3
respectively. The mean Schmidt H a m m e r values of all readings from the upper and lower
surfaces along the lagoonal coastline are 19.8 ± 0.9 and 28.6 ± 1.8 respectively. A s Figure 5.7
shows, the lower surface is clearly harder than the upper surface and the difference between
these means is statistically significant. This provides support for the conclusion drawn by
Woodroffe et al. (1995) that the upper surface is older than the lower surface. The hardness of
the upper surface has probably been reduced by subaerial weathering, but it should also be noted
that a cover of algae on the lower surface m a y have hardened that surface somewhat.

Calcarenite along the exposed east coast exhibits only one Holocene platform level. Schmidt
H a m m e r testing conducted on this surface returned mean rebound values of 22.8 ± 1.9 from
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Middle Beach, and 25.2 ± 1.3 from N e d s Beach. The m e a n Schmidt H a m m e r value from the
intertidal platform on the exposed coastline is 24.7 ±1.1; this is intermediate between the mean
rebound values returned from the upper and lower surfaces along the lagoonal coastline.
(Schmidt H a m m e r testing was conducted on lower calcarenite platforms during periods of low
tide. Portions of shore platform that had dried were tested for Schmidt H a m m e r hardness, but it
is possible that the relatively high water content in these surfaces m a y have lowered Schmidt
H a m m e r rebound values to some extent).

Despite numerous attempts, Schmidt Hammer tests could not return a hardness value for
aeolianite exposed in the cliffs that back aeolianite shore platforms. The aeolianite is unlithified
and crumbles upon Schmidt H a m m e r impact. B y contrast, the palaeosols that occur between
aeolianite units are m u c h more consolidated; at the base of the Neds Beach cliffs, a palaeosol
returned a m e a n Schmidt H a m m e r value of 31.7 ± 2.1.

The Schmidt Hammer could not be used to assess the influence of weathering processes on
calcarenite shore platforms at Lord H o w e Island. Whereas the outer weathered surface can
generally be chipped off basaltic rocks, efforts to remove the outer surface of calcarenite
typically exposed an unconsolidated surface that could not be tested for Schmidt H a m m e r
hardness. At Neds Beach, the weathered surface of a palaeosol was removed and tested with the
Schmidt H a m m e r , but the m e a n values returned from the fresh and weathered surfaces were not
statistically different.

Joint characteristics

The orientation (i.e. the dip of joints) and density of joints are the principal characteristic
joints that control the stability of a rock surface, but joint continuity and width are also
important (Selby, 1980, 1993). Most joints have steep, often near-vertical dips at Lord H o w e
Island; hence, the density of jointing is the principal property of discontinuities that controls
variability in rock resistance. Joint density data was collected through a count of the number of
continuous joints that occur within a l m 2 surface at each site. The data is summarised in
Appendix C.

Roach Island Tuff is generally characterised by low joint density. At North Rock, joints occur
at an average interval of about 2 m whereas at Roach Island joints typically occur every 1 to 2
m.

At both sites, joints are quite wide, continuous, free of infill, and erosion has often

preferentially excavated the joints thereby enhancing their width (Figure 5.10). Joint density is
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also low within the tuff on either side of Stevens Point, but the basalt that outcrops on the
southern side of the point typically has 6 or 7 continuous joints (and additional minor,
discontinuous fractures) in 2 or 3 directions within a surface that is one square metre. The only
site of relatively high joint density in the Roach Island Tuff is at Malabar Point where there are
typically 4 to 5 joints/m2. These joints, however, are generally quite narrow and discontinuous.

Flow-surface breccias associated with North Ridge Basalt and Mount Lidgbird Basalt have
lower joint densities than the adjacent, massive sections of lava. The density of joints within the
North Ridge Basalt ranges from 2 to 3 joints/m2 at Blinky Point and Old Gulch, to 6 to 7
joints/m2 at Clear Place Point and Dawsons Point. In contrast, breccia surfaces generally have <
1 joint/m2. W h e r e joints do occur in the breccia they are generally quite wide and have little
infill, although calcite can be seen filling joints on occasion. Joints within the basalt are
generally continuous, open and free of infill, although calcite is sometimes observed. Joints are
typically 1 or 2 m m wide, but on occasion they are up to 100 m m wide. Joints are generally
subvertical or dipping steeply.

Within basaltic surfaces, minor discontinuous and small

fractures are often superimposed on the major joint sets.

Joint density in the Boat Harbour Breccia increases with the degree of induration. Hence, to the
north and south of Mutton Bird Point the Boat Harbour Breccia is sparsely jointed with
generally <1 joint/m2. B y contrast, at Rocky R u n and Boat Harbour, the breccia typically has
up to 5 joints/m2.

The density of jointing within the Mount Lidgbird Basalt is 4 to 6 joints/m2 at King Point and
Gower Island, 3 joints/m2 at Little Island, and < 2 joints/m at Erskines Gulch. Erskines Gulch
features massive basalt with few minor fractures, but wide, open, continuous joints that dissect
the basalt into well-defined blocks (Figure 5.11). O n average, vertical joints occur spaced at
about 1 m , while horizontal joints generally occur at a slightly lesser density. Joints within the
breccia are generally spaced at intervals of about 2 m , but at G o w e r Island, breccia with a very
blocky appearance (Figure 5.12) has about 3 joints/m2. Within the M o u n t Lidgbird Basalt
breccia, vesicles are commonly infilled with calcite (Figure 5.13). Calcite sometimes occurs as
an infill along joints, but more often than not, joints are open and without debris or infill. Joints
within the breccia are widened by erosion processes; for instance, at G o w e r Island, joints are
eroded up to 20 c m below the platform surface in places.

Jointing within calcarenite shore platforms may result from the impact of waves rather than
diagenesis of aeolianites (B. Brooke, 2001, personal communication; Gardner and McLaren,
1994). A n indication of this is provided by the fact that there are no joints in aeolianite cliffs

Figure 5.10 - Wide, open joints in Roach Island Tuff at North Rock. The width
of the platform is approximately 18 m.

Figure 5.11 - Wide, open joints in Mount Lidgbird Basalt at Erskines Creek. The
rock h a m m e r is 33 c m long.

Figure 5.12 - Massive, jointed basalt lava and rubbly breccia at G o w e r Island.
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Figure 5.13 - Calcite infill in vesicles within breccia at King Point. The corundum has
a diameter of 2.5 cm.
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adjacent to the shore platforms. Moreover, whereas shore platforms on the lagoonal coastline
have very few joints, at Neds Beach there are quite wide joints within the shore platform that are
spaced at roughly 20 to 40 cm. At Middle Beach, shore platform calcarenite is more highly
jointed than on the exposed coastline, but less jointed than at Neds Beach. Basalt occurs just
under the surface calcarenite at Neds Beach, and this is likely to have increased the density of
jointing at this locality. In summary, calcarenite on the exposed coastline is more jointed than
calcarenite on the lagoonal coastline owing probably to the wave-sheltering effect of the coral
reef on the lagoonal coastline.

5.2.6 Summary of results
There are marked variations between the hardness of different lithologies at Lord Howe Island:
basalt lavas are harder than less indurated breccias and tuffs, whereas calcarenite is the least
hard lithology. However, there are also considerable variations from location to location within
lithological units. M u c h of the variation is due to intrusive dykes that are generally harder than
the host rock, but there are also contrasts between the hardness of basalt lavas and flow-surface
breccias as well as the degree of induration of Boat Harbour Breccia and Roach Island Tuff.

Schmidt Hammer testing confirmed that weathering has differentially reduced rock hardness.
O n all but one occasion, higher mean Schmidt H a m m e r values were returned from fresh
surfaces than weathered surfaces. However, w h e n analysed using student t-tests, only 47 % of
these differences were significant at the 95 % confidence level. The results must be assessed
conservatively as some rock types appear more amenable to the technique than others. Hence,
while it is likely that weathering must have reduced the hardness of Roach Island Tuff, Boat
Harbour Breccia, flow-surface breccias and calcarenite to some extent, it is difficult to expose
fresh surfaces on these less indurated lithologies. B y contrast, the weathering rinds of basalt,
dykes and indurated Boat Harbour Breccia can be easily removed such that a measure of
weathering-induced reduction in rock hardness is easier to achieve. Nonetheless, a number of
deductions can be m a d e regarding the extent of weathering at Lord H o w e Island: (a) North
Ridge Basalt is less weathered at Old Gulch than it is at Clear Place Point and Blinky Point,
where weathering reduces rock hardness by about 10 %; (b) the upper surface at Clear Place
Point is more weathered than adjacent and nearby modern surfaces (35 % versus 9 to 12 % ) ; (c)
Boat Harbour Breccia and dykes are subject to considerable weathering at Rocky R u n and Boat
Harbour, with as m u c h as 30 % of rock hardness being reduced by weathering; and (d)
weathering reduces the hardness of M o u n t Lidgbird Basalt by 10 to 20 %.
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5.2.7 Assessment of rock resistance
Appraisal of the overall resistance of a rock surface requires consideration of factors such as
rock hardness, degree of weathering, and the density and nature of jointing. Quantitative
assimilation of these parameters has most often been the domain of engineers (e.g. Deere and
Miller, 1966; G S E W P , 1977; Hoek, 1983; Palmstrem, 1996a, 1996b; Singh and Goel, 1999),
but Selby (1980) provided a semi-quantitative geomorphological method for assessing the
stability of rock hillslopes. In this classification, joint density was regarded as the most
important factor, followed by the orientation of joints (i.e., their dip), rock hardness (assessed
with the Schmidt H a m m e r ) , weathering, the width and continuity of joints, and finally, outflow
of groundwater.

The Schmidt Hammer results from Lord Howe Island provide a measure of the hardness of
weathered rock surfaces, except w h e n a direct comparison was required between the hardness of
fresh and weathered surfaces. In this respect, Schmidt H a m m e r hardness results from Lord
H o w e Island incorporate the effect of weathering. Observations of the nature of jointing around
the island indicate that joints are near-vertical at most locations. Hence, at Lord H o w e Island,
the main factors controlling Selby's (1980) 'Rock M a s s Strength' can be considered to be
Schmidt H a m m e r hardness, which incorporates the impact of weathering, and joint density. O n
this basis, the resistance of rocks at Lord H o w e Island is plotted in Figure 5.14.

The figure shows Schmidt Hammer hardness plotted against the density of joints at each of the
locations in Figure 5.4. Rock resistance increases as Schmidt H a m m e r hardness increases, but
decreases as the intensity of jointing increases. Consequently, in Figure 5.14, the resistance of
rocks increases from top-left to bottom-right. The exact relationship between rock hardness and
joint density is complex. Selby (1980) rated joint density as a little more important overall than
rock hardness, but as Augustinus (1991) cautioned, meaningful geomorphological interpretation
requires that indicators of rock strength must reflect the resistance of the rock to the dominant
erosion process that is acting to shape the landform; hence, the relationship between joint
spacing, rock hardness and hillslope processes m a y differ markedly with the relationship
between these parameters and coastal processes.

Morphological evidence can be used to constrain the relationship between jointing and rock
hardness at Lord H o w e Island. Shore platforms at Blinky Point (10) and at Clear Place Point
(11) are relatively uniform in profile, despite adjacent outcrops of North Ridge Basalt and
breccia. B y contrast, adjacent basalt and breccias at localities such as Old Gulch (6) have
resulted in highly undulating shore platform topography with basalt at significantly higher

elevations than breccia. The uniform profiles of shore platforms at Clear Place Point and Blinky
Point indicate that basalt and breccia have similar rock resistance at these localities. Hence, the
rock resistance classification in Figure 5.14 includes basalt and breccia at Clear Place Point and
Blinky Point in the same category of rock resistance. B y contrast, the classification provides a
clear demarcation between basalt (category B ) and breccia (category D ) at Old Gulch, and this
accords with the morphology of the shore platform at this locality.
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Figure 5.14 - Categories of rock resistance discerned on the basis of Schmidt
H a m m e r hardness and joint density. The most resistant rocks occur in category A,
the least resistant rocks occur in category E. The numbers refer to locations in
Figure 5.4.

Several categories of rock resistance are proposed for Lord H o w e Island - categories A , B, C, D,
and E. T h e most resistant rocks are M o u n t Lidgbird Basalt, North Ridge Basalt, and the
indurated Boat Harbour Breccia that occur in categories A and B, whereas the least resistant
rocks are tuffs at Malabar Point and Stevens Point, raised calcarenite platforms on the lagoonal
coastline, calcarenite platforms on the exposed coastline, and some breccias from both the North
Ridge Basalt and M o u n t Lidgbird Basalt sequences. All lithologies at Lord H o w e Island have
rocks of intermediate resistance (category C ) . This classification is used in the chapters that
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follow to analyse the influence that rock resistance has had on the morphology of rock coast
landforms at Lord H o w e Island.

5.3 Assailing force of waves
In order to assess the force of waves that impact on the shoreline at Lord Howe Island,
information is required both on the wave climate and the nature of the submarine topography off
the shoreline. In particular, it is crucial to obtain data regarding the depth of water that occurs at
the foot of shore platforms and sea cliffs.

5.3.1 Wave climate
From a perspective of process geomorphology, data describing the wave climate is required for
studies of rock coasts (Sunamura, 1992). The best set of wave data from Lord H o w e Island
represents the observations compiled by the Australian Bureau of Meteorology between 1960
and 1988. During this period, weather observers on the island made frequent, typically hourly,
observations of sea conditions. The records were compiled through visual observations of sea
conditions with reference to 'State of the Sea Cards', which are photographs of sea conditions
under various wind strength categories in the Beaufort Scale. The dataset includes wind speed
and direction, a description of sea state, height of wind waves, and the height, length and
direction of swell waves.

The dataset is complete for height of wind waves and swell waves, but the direction of swell
waves is only noted for about 50 % of records. Wind waves are sorted into the following wave
height categories: calm and glassy (0 m ) , calm but rippled (0 - 0.1 m ) , smooth with wavelets
(0.1 - 0.5 m ) , slight (0.5 - 1.25 m ) , moderate (1.25 - 2.5 m ) , rough (2.5 - 4.0 m ) , very rough
(4.0 _ 6.0 m ) , high (6.0 to 9.0 m ) . Swell waves are classified as no swell (0 m ) , low swell (< 2.0
m ) , moderate swell (2.0 - 4.0 m ) or heavy swell (> 4.0 m ) .

In Figure 5.15, the number of occurrences of wind waves of different heights is plotted
according to wind direction (the approach of the wind wave can be assumed to follow the wind
direction; wave refraction is relatively minor owing to the occurrence of deep water around
much of the coastline). In the bottom of thisfigure,a summary plot is presented of the average
direction of wind waves. Wind waves clearly occur most often from the east, southeast and
southwest, and wind waves exceeding 4 m in height occur most often from the east and
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southwest. A n extrapolation of the data through a 100-year period, suggests that wind waves
exceeding 4 m in height would occur about 100 times from the east, and 29 times from the
southwest. Importantly, however, wind waves of 6 to 9 m height would occur equally from the
east and southwest (about 7 times in 100 years). All other wind directions have wind waves that
would probably exceed 4 m in height less than 10 times in a 100-year period (Table 5.2).

Table 5.2 - Frequency of occurrence of wind-waves

Number of occurrences of each wind-wave height in 1 year

Wind direction
No wind

N
NE
E
SE
S
SW
W
NW

6-9m

4-6m

0
0
0
0
0
0
0
0
0

0
0
0
1
0
0
0
0
0

Wave height
2.5-4m
1.25-2.5m 0.5-1.25m

0
1
2
4
2
0
2
1
0

0
4
6
12
8
4
8
6
3

14
16
18
31
28
16
26
15
10

0-0.5m

30
12
11
15
12
9
20
11
8

wave height in 100 years
Number of occurrencesof each wind-

Wind direction
No wind

N
NE
E
SE
S
SW
W
NW

6-9m

4-6m

0
0
2
7
0
0
7
0
1

0
3
5
93
8
6
22
8
3

Wave height
2.5-4m
1.25-2.5m 0.5-1.25m

4
81
171
378
203
32
168
110
46

44
445
628
1198

821
358
829
564
291

0-0.5m

1365
1566
1790
3114
2767
1578
2618
1471

3007
1156
1140
1459
1236

999

762

872
1963
1104

The height of wind waves is below 1.25 m for more than 80 % of the time, and below 2.5 m for
96 % of the time. Wind waves exceeding 4 m in height occur for less than 1 % of the time;
when these large waves do occur, they usually come from the east or southwest.

Lord Howe Island is about 600 km off the eastern coastline of Australia, but fetch is essen
unlimited for all other sides of the island. Figure 5.16 shows a plot of the direction of swell

waves and wind waves for each swell-wave observation at Lord H o w e Island. The figure shows
that the most c o m m o n swells arrive from the east, northeast and southeast. Southwesterly
winds are c o m m o n , as shown in the wind-wave data, but relatively few swells come from the
southwest. W h e n plotted for each wind direction (Figure 5.17), it is apparent that east, northeast
or southeast swells dominate regardless of the wind direction, but small increases are noted in
frequency of swells that are coincident with the wind direction.

Frequency of wind waves
Frequency of swell waves

NE

E

SE

S

SW

W

NW

Direction of wind and swell waves

Figure 5.16 - Bar chart of the direction and frequency of occurrence of wind
waves and swell waves. Note that the proportion of swell waves from the east
is higher than the proportion of wind waves from the east, while fewer swell
waves c o m e from the north, west and south.

In Figure 5.18 the number of occurrences of different swell wave heights is plotted for each
swell direction. The plot again demonstrates the dominance of northeast, east and southeast
swells, but it is notable that a relatively high proportion of large swells emanate from the
southwest. In this respect, it is notable that Brooke (1999) considered the dominant strong swell
at Lord H o w e Island to be from the southwest, originating from depressions in the southern
ocean.
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Figure 5.19 shows that, on average, swell waves are larger than wind waves at Lord H o w e
Island. Swell waves are 2 m or more in height for 46 % of the time, whereas wind waves only
exceed 2.5 m 4 % of the time. Swell waves exceed 4 m in height 3 % of the time, but wind
waves exceed 4 m in height for only 0.4 % of the time. S E A S A T satellite altimeter data
collected in 1978 indicates that Lord H o w e Island lies in a region that experiences average
waves of 2.0 to 2.9 m (Allen, 1984) and more recent G E O S A T data suggests that the island
experiences mean significant wave heights of 2.25 to 2.50 m ( C A M R I S - Australian Region
W a v e Dataset, 1995-1996, supplied by Environment Australia).

In summary, the wave data from Lord Howe Island indicates that east, northeast and southeas
wind and swell waves occur most frequently. The largest waves, however, come from the
southwest as well as the east, with wind waves 6 to 9 m height occurring about 7 times every
100 years. Easterly waves of 4 m height or more occur once per year, whereas southwest wind
waves of 4 m height or more occur about 29 times in a 100 year period. The dataset indicates
that wind waves in excess of 4 m usually coincide with heavy swells that are also in excess of 4
m. Accordingly, it is estimated on average, that the eastern coastline of Lord H o w e Island
would be subjected to waves of 10 m height or more once each year, whereas the southern and
southwestern coastlines would be subject to such waves perhaps once every three years, and the
northern and western coastlines would probably be subject to waves of 10 m height or more
once every 5 to 10 years.

It is difficult to assess the periodicity and magnitude of waves that substantially exceed
height. The m a x i m u m size of swell waves in the dataset is listed only as greater than 4 m , but it
is well known that deep depressions generate swells that exceed 10 m in height. For instance, in
1998, during the course offieldworkbetween Elizabeth Reef and Lord H o w e Island aboard the
R V Franklin, the author experienced a northerly storm swellfirst-hand,in which wave heights
were in excess of 10 m. This storm was generated by a depression off the eastern coast of
Australia. These East Coasts L o w s (Bryant, 1997) are not uncommon, and it is likely that they
periodically deliver wave heights to the coastline that are larger than the m a x i m u m wave height
category in the dataset. Moreover, through 12 weeks of fieldwork spanning the months July
through December and February, the marine environment was nearly always rough owing to
consistent and large swells as well as powerful wind gusts. This has been a considerable
impediment tofieldwork,but it has demonstrated the extent to which the island is subject to a
very powerful wave climate.
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Figure 5.18 - Number of occurrences of different heights of swell waves.
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5.3.2 Bathymetry
Waves impact against rock coastlines either as breaking or broken waves. Alternatively,
standing waves sometimes form w h e n wave energy is reflected from the coastline. It is crucial
to understand the conditions under which each of these wave types m a y occur, for breaking
waves exert very high impact pressures and are associated with m a x i m u m erosive force,
whereas the erosive pressures exerted by broken waves are comparatively subdued, and
standing waves exert minor erosive force (see section 2.3.1). The occurrence of each of these
wave types is controlled by the deep-water characteristics of the wave, the submarine
topography, and the water depth at the cliff foot (Sunamura, 1992). However, despite the clear
need for quality nearshore bathymetric data, it is often one of the most neglected aspects of
research in rock coast geomorphology.

Detailed bathymetric data has been collected from around Lord Howe Island, both from the
broad, planated shelf on which the island sits, and from the nearshore zone that extends from the
cliff foot. Several sets of bathymetric data from the shelf were compiled in conjunction with the
Australian Hydrographic Office. The dataset includes Admiralty Surveys, data collected using a
Laser Airborne Depth Sounder (gravimetry equipment), and echo sounder data collected during
a fieldwork cruise aboard the R V Franklin in 1998. Point data was merged digitally, errorchecked where possible, and interpolated using Arc View's (Spatial Analyst) nearest neighbour
technique at a grid cell size of 100 metres. A C E E D U C E R echo sounder was purchased
specifically for collecting detailed nearshore bathymetric data. The echo sounder logged six
depths per second, with a predicted accuracy of 2 cm, and G P S position every two seconds.
During the course offieldwork,bathymetric traces were conducted for the extent of Lord H o w e
Island's coastline and also for several offshore islands (Figure 5.20). The zig-zag transects were
generally conducted to within a few metres of the shore platform or cliff foot, but dangerous
conditions sometimes required transects to be terminated some distance offshore. Point data
from the echo sounder was read, processed and error-checked with software developed by the
author and D. Palamara, and then plotted using ArcView GIS.

The nature of wave propagation across the seabed was determined using a wave-spreadsheet
program developed by E. Bryant and M . Mascarenhes (1998). Given wave height, wave period,
and seabed gradient, the spreadsheet calculates the breaking height of waves, the depth of water
in which these waves break, and the percentage of energy that has been dissipated to that point
by frictional drag against the seabed. The calculations are based on Linear Airy W a v e Theory
(seeKomar, 1976, 1998; Trenhaile, 1997).
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Figure 5.20 - Echo sounding path around Lord Howe Island.
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Four bathymetric zones were discerned on the shelf surrounding Lord H o w e Island: (a) outer
shelf, (b) fossil reef, (c) inner shelf, and (d) a nearshore coastal zone. The major features of the
shelf are mapped in Figure 5.21. The outer shelf extends from the shelf break to the fossil reef.
The inner shelf extends from the landward side of the fossil reef to approximately the 20 m
isobath. The nearshore coastal zone extends from the 20 m isobath to the shoreline. Detailed
cross-sectional profiles were drawn across the shelf from an interpolated raster grid of
bathymetry (using ArcView Profile Extractor extension); the location of these profiles is
mapped on Figure 5.21, and the cross-sections are shown in Figure 5.22.

Outer shelf

The outer shelf extends from the shelf break to the fossil reef. The shelf break is the point at
which the steep flanks of the submarine volcano, which typically slope at 15 to 20°, but exceed
30° in places, grade into the broad planated shelf that generally slopes at less than 1°. Good
examples of the break occur in profiles 7 and 8 (Figure 5.22). The break occurs in 50 m to 120
m water depth, but it is generally well defined by the 60 m isobath. The fossil reef zone lies in
water depths of 35 m or less; hence, most sectors of the outer shelf have water depths between
35 m and 60 m , but up to 120 m in places. Gradients leading up to the fossil reef are less than
1° in the north, southwest, southeast and east, but gradients are as high as 3.2° and 6.2° in the
west and south.

The sedimentary environment of the outer shelf zone is dominated by rhodoliths (nodular
aggregates of coralline algae) up to about 5 c m in diameter. The rhodoliths are currently
actively accreting with a live outer surface occurring on m a n y clasts. The well-rounded nature
of the clasts attests to the likelihood that strong currents are actively moving them. Currents of
around 5 knots are reported by local boat captains and the threshold velocity for rhodolith
movements on the Fraser Island continental shelf (Harris et al., 1996) indicates that a bottom
current of at least 0.55 m s"1 m a y occur on the Lord H o w e shelf (Kennedy et al., in press).

Waves do not break on the outer shelf as water 35 m-deep requires waves of 25 m height and a
period of 28 to 32 s before breaking occurs. Furthermore, very little wave energy is dissipated
on the outer shelf due to friction against the seabed. For instance, a wave of 15 m height with
an 18 s period loses only 0.4 to 1.9 % of its energy across a shallow seabed gradient of 1°.
Steeper gradients and lesser wave heights result in even less frictional loss of energy; waves of
less than 8 m height lose no energy due to friction regardless of the gradient of the seabed.
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Figure 5.22 - Profiles across the planated shelf that surrounds Lord H o w e Island. Note the fossil
reef, the relatively steep slope of the seabed leading up to the shoreline, the gentle slopes across
the submarine platform, and the steep slopes of the volcano seaward of the shelf break. (The
location of the profiles is shown in Figure 5.21).

Fossil R e e f

M u c h of Lord H o w e Island's shelf is relatively flat with water depths of less than 50 m .
However, the shelf is characterised by a fossil reef that occurs at approximately 30 m water
depth, and which rises to 25 m depth in isolated outcrops. The extent of the structure is evident
in Figure 5.21, and cross-sections display the morphology of the structure in Figure 5.22. The
reef almost encircles the island occurring between 1.5 and 8 k m from shore on its western,
southern and eastern sides. The reef is most pronounced on the western side of the island
(adjacent the modern fringing reef) where it is 3 k m wide. O n the eastern side of the island, the
structure is less continuous, located farther offshore, and characterised by a series of elongate
high patches. There is a gap in the fossil reef along the northern edge of the shelf, and on the
southern margin of the shelf the reef occurs adjacent to the shelf break.

Unconsolidated sediment is virtually absent from the surface of the fossil reef, which instead
has luxuriant communities of coralline and fleshy brown algae associated with encrusting and
branching bryozoans. Sediment production on the ridge is restricted to centimetre-thick algal
crusts. Live coral growth occurs on the ridge where water depths are relatively shallow (c. 25
m ) , but is restricted to very small colonies of encrusting species that do not contribute
significantly to sediment accumulation. Large amounts of branching coral debris occur directly
landward of the ridge, and a radiocarbon date of 8,370 ± 125 years B P was obtained from one of
these reworked branching corals (the branches of the coral were broken up and showed evidence
of wear such as the poor preservation of individual polyps). Observations using scuba and
bathymetric data imply that the fossil reef was probably the main location of coral growth
during the early Holocene. Hence, it is inferred that the dated coral debris has been eroded and
then transported from the surface of the fossil reef. B y contrast, there are some relatively fresh
outcrops of the ridge structure in 25 m water depth. It is likely that widespread coral growth
occurred across the surface of the reef in the early part of the Holocene, but coral growth could
not keep pace with the rapid postglacial sea-level rise (Kennedy et al., in press).

Wave heights must exceed 15 m before they break on the shallowest portions of the fossil reef.
However, for most of the reef the breaking threshold is exceeded only when wave heights
exceed 20 m . The surface of the fossil reef is relatively flat (< 1°), but dissipation of wave
energy due to friction is relatively minor. Depending on wave period, wave heights of 10 to 15
m m a y dissipate as m u c h as 5 % of their energy due to friction against the fossil reef, but often
less than 1 % of their energy is dissipated. W a v e heights of 8 m or less dissipate between 0.5
and 0 % of their energy due to frictional drag.

Inner shelf

The inner shelf zone extends from the landward boundary of the fossil reef, through a trough
that has m a x i m u m water depths of about 50 m , to the coastal zone, which is broadly demarcated
by the 20 m isobath (Figure 5.21). The main characteristic of the inner shelf zone is the trough
that occurs between the fossil reef and Lord H o w e Island. The trough is deepest on the eastern
side where it reaches depths of 50 to 60 m , but it is only about 40 m deep on the southern and
western sides of the shelf. The majority of the sediment within the inner shelf zone is composed
of sand with gravel increasing closer to the island and to the fossil reef (Kennedy et al., in
press). Water depths are greater on the inner shelf than on the fossil reef. Hence, frictional
dissipation of wave energy is minimal, and waves do not break in the inner shelf zone. In
summary, analysis of bathymetry from the outer shelf, fossil reef and inner shelf, indicates that
waves entering the coastal zone at Lord H o w e Island suffer little attenuation of energy as they
traverse the broad submarine platform. Moreover, except during very large wave conditions in
a few shallow-water localities on the fossil reef, all waves approaching Lord H o w e Island break
within the coastal zone.

Coastal bathymetry

In order to model the breaking characteristics of waves within the coastal zone, 31 individual
cross-sections were drawn from the echo sounder transect lines. The location of these sections
is plotted in Figure 5.23 and the cross-sectional profiles are provided in Figure 5.24. Within the
cross sections, the solid black line represents the mapped sea floor whereas the hatched line
represents an extrapolation to the shoreline and a schematic representation of the nature of the
low-tide cliff and shore platform, sea cliff or hillslope adjacent to the section. In addition to
these sections, Figure 5.25 shows spot-depths recorded at the cliff foot from a variety of
locations, together with an extrapolated classification of the water depth throughout the
shoreline. Most of these spot depths were recorded during the course of fieldwork with a
C E E D U C E R echo sounder, but the Royal Australian N a v y supplied data that was collected in
through Admiralty surveys and with a Laser Airborne Depth Sounder. Given the depth of water
at the shoreline and the nearshore gradient, Bryant and Mascarenha's wave-spreadsheet was
used to estimate the height and period of the wave that will break at the shoreline, the type of
breaking wave, and the energy and power that the wave contains. Table 5.3 presents a summary
of this information for each site noted on Figure 5.25, and the breaking height of waves around
Lord H o w e Island is noted in Figure 5.26.
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Figure 5.23 - Location of nearshore bathymetry sections.
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7
8
9
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21
22
23
24
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26
27
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29
30
31
32
33
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35
36
37
38
39
40
41
42
43

Depth (m)
14.3
13.7
16.9
14.4
16.0
16.6

3.7
9.3
13.4
11.0
10.7

6.7
10.0

4.1
19.2

8.2
13.5

6.4
1.5
1.5
1.5
1.5
1.5
4.8
8.4
5.0
7.8
9.2
18.0
20.0
20.0

5.0
20.0
17.8
15.6
10.0
20.0

6.6
12.2

7.7
11.9

5.5
7.9

Figure 5.25 - Nearshore water depth.

Table 5.3 - Characteristics of w a v e s that break at the shoreline.

Site (see
Height of
Nearshore
Figure
Depth (m)
breaking
gradient (°)
5.25)
wave (m)

1
2
3
4
5
6
7
7*
8
9
9*
10
10*
11
12
13
14
15
15*
16
17
18
19
20
21
22
23
24
25
25*
26
27
28
29
30
31
32
33
34
34*
34**

35
36
37
38
39
40
40*
41
42
43

14.3
13.7
16.9
14.4

16
16.6

3.7
2.6
9.3
13.4
11.8

11
9.8
10.7

6.7
4.4
4.1
19.2
18.2

8.2
13.5

6.4
1.5
1.5
1.5
1.5
1.5
4.8
8.4
5.1
5
7.8
9.2
18
20
20
5
20
17.8
13.4
17.8
15.6

10
20
6.6
12.2

7.7
6.1
11.9

5.5
7.9

50
50
50
50
13
8
3
3
3
3
3
3
3
3
3
6
5
2
2
13
7
5
3
2
1
6
2
10
1
1
9
3
2
13
21
10
6
15
1
1
1
6
3
50
3
12

11.6
10.9
13.7
11.5
12.9
13.7

3
2
7.4
10.8

9.5
9
8
8.5
5.3
3.5
3.5
15.3
14.5

Period of
breaking
wave (s)

13 Plunging
12.6

14
12.5
13.5

14
7
6
10
12.6
12.2
11.8

11
11.5

9
7.5
7.5
15.5

6.7

15
10

10.8

12.6

4.9
1.3
1.3
1.3
1.3
1.3
3.9
6.8
4
4
6.4
7.5

9
3
3
3
3
3
8
10
8
8
9.5

14.4
16.1
16.1

10.8
14.8
16.2
16.2

4

8

16.1

16.2
14.5
12.6
14.5

14
11
14
8.1

14
11

16.1

16.2

12.8

5.3
10
6.2
5
9.6
4.5
6.4

Type of
breaker

9
12.3

9.5
9
12
8
9.5

Plunging
Plunging
Plunging
Plunging
Plunging
Spilling
Spilling
Spilling
Spilling
Spilling
Spilling
Spilling
Spilling
Spilling
Plunging
Plunging
Spilling
Spilling
Plunging
Plunging
Spilling
Spilling
Spilling
Spilling
Spilling
Spilling
Plunging
Spilling
Spilling
Plunging
Spilling
Spilling
Plunging
Plunging
Plunging
Plunging
Plunging
Spilling
Spilling
Spilling
Plunging
Spilling
Plunging
Spilling
Plunging
Spilling
Spilling
Spilling
Spilling
Spilling

Energy
(kJ/m)

Power
(kW)

24,737
20,529
39,846
22,540
32,881
39,776

1,903
1,629
2,846
1,803
2,436
2,841

470
151

67
25
597

5,974
19,888
14,327
12,041
8,292
10,191
2,433

735
735
60,253
50,724
4,839
19,953
2,070

19
19
18
19
19
1,038
4,899
1,081
1,100
3,989
6,983
48,811
73,096
73,038
1,099
73,075
43,889
20,587
43,889
34,431
8,571
73,130
2,433
16,296
3,700
2,120
14,048
1,379
3,941

* submarine pinnacles occur in water that is shallower than water at the cliff foot

1,578
1,174
1,020

754
886
270
98
98
3,887
3,382

484
1,584

230
6
6
6
6
6
130
490
135
137
420
647
3,298
4,512
4,509

137
4,511
3,027
1,634
3,027
2,459

779
4,514

270
1,325

389
236
1,171

172
415

167
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Figure 5.26 - Height of waves that break at the shoreline.
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Breaks in submarine profile

A notable feature of the 31 coastal profiles is that distinct breaks occur in the gradient of the
profiles in water depths of 15 to 25 m . Landward of the break, the seabed has a significantly
steeper slope than seaward of the break. The term 'nearshore profile' is used to describe profile
sections landward of the break in slope, whereas 'offshore profile' refers to the sections of the
profile seaward of the break.

The break between nearshore and offshore seabed gradients can be distinguished in about half
of the coastal profiles, but it is particularly noticeable off the North Ridge cliffs where good
examples are observed in profiles 18, 17, 11 and 8. Profiles adjacent the North Ridge cliffs
have an average offshore gradient of 0.4° and a nearshore gradient of 4.5°. The change in slope
occurs at distances between 75 m and 250 m (an average distance of 167 m ) and water depths at
the break are between 15.5 m and 19.9 m (the average depth is 18.2 m ) . The remaining profiles
off the North Ridge cliffs (15, 16 and 19) show some change in gradient at a depth and distance
commensurate with the aforementioned profiles, but the break is not so clearly defined.
Likewise, profile 20, which occurs adjacent to a talus slope, is broadly concave upward and
features a slight deviation in slope about 433 m from the shoreline at a water depth of 18.5 m ;
however, the nearshore gradient is gentle (1.2°) and only marginally steeper than the offshore
slope (0.4°).

Off the western shoreline of Roach Island (profile 24) the offshore slope (0.3°) gives way to th
nearshore slope (5.5°) in 20.2 m of water 143 m from the shoreline. A break in profile also
occurs off the northern end of Roach Island (profile 58), but the nearshore slope is only
marginally steeper than the offshore slope (1.5° versus 1.2°); clear breaks are not apparent off
the western (profile 26) or southern sides of the island (profile 25), but the width of some of
these sections m a y not extend to the break in profile.

A distinct break in profile occurs in profile 4 off the western face of North Head. The break
occurs about 10 m from the shoreline in a water depth of 22.7 m . The offshore profile is 0.8°,
which is similar to that recorded elsewhere, whilst the nearshore profile is exceedingly steep at
50.5°. The steep gradient of the nearshore profile at this point m a y represent a portion of the
low-tide cliff, but it could also represent a boulder or collection of boulders sourced from the
adjacent cliffs. A break in the gradient of profile 1 is not evident, probably owing to the fact
that the profile extended only to about 50 m from the shoreline and water depths were higher
than that in which the break is typically found.
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The existence of a nearshore-offshore break in submarine profile is not so apparent at the
southern portion of the island. However, there is evidence to suggest breaks in the submarine
profiles off the western shoreline of M o u n t Lidgbird and M o u n t G o w e r (profiles 42, 44, 45 and
46). The offshore profiles have an average slope of 0.8° whilst the nearshore slopes average 5°.
For profiles 44, 45 and 46, the break occurs an average distance of 130 m offshore, and the
water depth of the break averages 18.2 m . At profile 42, however, the break is 353 m from the
shoreline and the water depth is 27.4 m . At the southern extremity of Lord H o w e Island, a
nearshore break cannot be discerned in profile 51, but at profile 49, a break occurs in the
submarine profile about 23 m from the shoreline in a water depth of 22.6 m . The profile slopes
relatively steeply at 1.7° whilst the nearshore profile has a steep slope of 12.4°. A clear break in
the submarine profile is evident 184 m off Red Point (profile 37) in 16.8 m of water (the
nearshore profile is 5.7° and the offshore gradient is 0.9°). Conversely, on the northern side of
Red Point, a distinct break cannot be identified in profile 38; likewise, a clear break in slope
cannot be identified off The Big Slope where the overall gradient is 1.6° (profile 40).

The east coast between Rocky Run and Searles Point does not exhibit clear evidence of distinct
changes in submarine slopes (see profiles 55, 31, 32, 33); however, at Clear Place Point
(profiles 30 and 30a), a break in slope is evident 60 to 64 m from the shoreline in water depths
of 16.3 to 16.8 m . The nearshore slope averages 10.6° while the offshore slope averages only
0.8°. Where beaches (profiles 60, 59) occur, the submarine profile is smooth and slopes at an
average gradient of 1.1° with little evidence of deviations in the submarine slopes that
correspond with the changes observed elsewhere.

Of 31 bathymetric profiles, 14 have distinct changes in their slope at a discrete point that oc
in water depths of 16.6 to 22.7 m . The distance of the break from the coastline varies from site
to site, but the depth in which the break occurs is very consistent (the average depth of the break
is 19.3 m ) .

Seaward of the break, gradients are typically less than 1° whereas nearshore

gradients are often about 5°, but they are close to 10° in a couple of instances, and an
exceptionally steep gradient of 50.5° was also observed. The break in gradients observed in the
coastal bathymetric profiles is interpreted as the imprint of a sea level highstand, or highstands,
that reached about 17 to 23 m below the present position of the sea. Brooke (1999) stated that
most of the aeolianite dunes at Lord H o w e Island were probably deposited during oxygen
isotope substages 5c and 5a w h e n sea level was between 18 and 22 m below present. It is likely
that the break in profile correspond to the sea level highstands that occurred during substages 5c
and 5 a.
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It has been noted that the breaks in submarine profile are best developed off the North Ridge
cliffs. It has also been noted that this is the one section of Lord H o w e Island's shelf that is
without fossil reef. Therefore, if the fossil reef was formed prior to the Last Interglacial,
preserved evidence of a sea level of 20 m lower than present would indeed be expected to be
greatest in the north of the island where the fossil reef is poorly developed, as wave energy over
other areas of shoreline would have been more or less dissipated over the ridge that would have
existed in water depths of 5 to 15 m .

Pinnacles

In seven of the 31 profiles surveyed, submarine pinnacles of rock occur in water depths that are
shallower than the water depth that occurs adjacent to the shoreline. W h e r e these shallow
submarine pinnacles occur, breaking waves do not occur at the shoreline. In other localities,
submarine pinnacles m a y cause large waves to break some distance offshore. Such pinnacles, in
15 m of water or less, occur in approximately half of the surveyed profiles (Table 5.4). The
location of submarine pinnacles, and the height of waves that break on them, is demonstrated
schematically in Figure 5.26.

Filled circles represent localities where water depths are

shallower at submarine pinnacles than at the shoreline, while filled diamonds represent sites
where large waves m a y break offshore.

The deepest coastal waters occur adjacent to plunging cliffs at East Point, Scab Point, Boat
Harbour Point, Red Point and Worlds End. In these locations, water depths exceed 15 m such
that in order for waves to break directly against the cliffs, wave heights would generally need to
exceed 12 m . Spectacular plunging cliffs at the South Face (site 38, Figure 5.25) descend into
relatively shallow water about 6 m deep. The relatively shallow water adjacent to the South
Face is related to a talus slope that flanks the western side of King Point. The influence of the
talus slope decreases with distance, and at site 39, plunging cliffs descend into 12.2 m of water.
Hence, in contrast to the South Face, where waves of 5 m height break directly against the cliff
face, waves of 10 m height are required before breaking occurs on the point. It is notable that
plunging cliffs in shallow water also occur north of Erskines Creek, where the height of waves
that break directly against the cliff face is about 6 m.

Shore platforms at King Point occur in approximately 10 to 13 m water depth, requiring
m i n i m u m w a v e heights of 8 m before breaking occurs at the shoreline. G o w e r Island is flanked
on all sides by shore platforms (except for a small section of plunging cliffs on the southern

coastline) despite having water depths that approach 20 m (echo sounding was not conducted
around Gower Island, and a Admiralty Chart spot depth of 20 m taken offshore from Gower
Island m a y slightly overestimate that actual shoreline water depth around the island). Shallower
water depths occur off the shore platforms near Erskines Creek and on the northern side of Red
Point. In both instances, breaking waves attack the coastline when they are about 4 m high.
The submarine slopes off The Big Slope and The Little Slope indicate that talus grades
gradually toward the boulder beach shoreline (Figure 5.24, profiles 40 and 46).

Table 5.4 - Location and depth of submarine pinnacles
Location
(Figures
5.23 and
5.24)

Pinnacle
depth (m)

8
11
16
17
19
20

9.7
2.6

24

11.8

9.8
7.3
5
8.9
5.8
8.9
13.4

31
38
40

5.1
13.4

7.8
14.8

42
44

6.7
7.7
9.4
6.1
12.2

45
46
51

6.6
5.6
8.7
7.7
11.8

Distance to Approximate
shoreline
height of
breaking
(m)
wave(m)
18.5
8
2
51.7
9.5
25.1
14.5
8
6
13.2
4
18.7
7.3
80.6
4.7
16.5
7.2
15.7
10.9
90.5
4
14.6
11
114.9
6.4
261.2
12
446.3
5.3
52.6
6.2
121.6
7.5
212.4
5
17.8
10
337.8
5.2
66.5
4.6
30.4
7
101.3
6
.
5
24.5
9.7
131.3

Easting (AMG)

Northing (AMG)

503631.91
503859.22
504229.53
504498.86
505147.86
505413.06
505394.53
506275.95
506240.3
506204.99
507560.19
508739.07
508072.91
508216.6
506644.41
506578.43
506490.74
506408.13
506104.96
506232.83
506118.76
506048.37
506585.89
506533.99

6513425.14
6513223.86
6513393.52
6513377.23
6513378.11
6513537.56
6513596.25
6514826.74
6514804.85
6514796.88
6511174.96
6506343.52
6505062.57
6504947.2
6506396.46
6506414.35
6506433.77
6505854.09
6505930.4
6505538.83
6505050.26
6505054
6504068.39
6503974.9

Water depths progressively shallow northward from Boat Harbour Point on the east coast.
Hence, immediately south of Mutton Bird Point, water depth is slightly less than 8 m and is
subject to breaking waves of about 6 m height, but water depths north of the point are about 4 m
or less and continue to shallow such that 100 to 200 m south of Blinky Beach, sand is exposed
in front of the cliffs and platforms.
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The middle section of Lord H o w e Island has subdued nearshore water depths and is subject to
lower, but more frequent breaking waves. The lagoon is mostly less than 2 m deep and water
depths decrease gradually to the shoreline. W a v e energy is almost entirely dissipated on the
fringing reef, and while wave energy does transmit into the lagoon during severe storms,
shallow lagoonal waters result in even further dissipation of wave energy. Nevertheless, an
indication of the erosive capacity of storm waves at Lord H o w e Island is provided by the recent
decision taken by the local authority to arrest erosion of the sandy foreshore at Windy Point by
the construction of a concrete seawall.

On the exposed eastern coastline, the height of waves breaking against calcarenite platforms is
usually less than 2.5 m , whereas swell and storm waves break against basalt cliffs and platforms
when wave heights are generally close to or less than 5 m . The greatest depths recorded in the
northern part of the island are adjacent to the narrow shore platforms that fringe the west coast
of North Head. Soundings taken very close to the platform edge confirm nearshore water
depths of 14 m to 18 m , which require breaking wave heights in excess of 10 m . The northfacing North Ridge cliffs generally descend into water that is close to 10 m deep, requiring
breaking wave heights of a little under 10 m . The Admiralty Islands have a wide variety of
water depths such that the height of waves required to break directly against the shoreline varies
from less than 5 m in the east, to 5 to 10 m on the northern side of the arch, and greater than 10
m on the northwest and southeast corners of the island.

5.3.3 Summary of wave force
The wave data from Lord Howe Island indicates that east, northeast and southeast wind and
swell waves occur most frequently, but the largest waves c o m e from the southwest as well as
the east. It is estimated that the eastern coastline of Lord H o w e Island would be subjected to
waves of 10 m height or more once each year, whereas the southern and southwestern coastlines
would be subject to such waves perhaps once every three years, and the northern and western
coastlines would probably be subject to waves of 10 m height or more once every 5 to 10 years.

Very little wave energy is dissipated across the broad submarine shelf that surrounds Lord
H o w e Island. It is unlikely that waves ever break on the outer shelf or inner shelf zones, but
during exceptional storms some waves m a y break on isolated shallow portions of the fossil reef.
Very little wave energy is dissipated across the shelf by friction against the seabed. Hence,
most waves approaching the shoreline at Lord H o w e Island can be considered to have their
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erosive energy intact. In several instances there are submerged pinnacles of rock that m a y cause
waves to break offshore, but these are mainly of local importance.

Nearshore water depths vary throughout the coastline. Water depths are less than 2 m for a
number of sites adjacent to calcarenite and tuff shore platforms in the middle section of the
island, whereas basalt platforms are typically fronted by a little over 5 m water depth. Shore
platforms in the north of the island typically descend into about 10 m of water, but the greatest
water depths at Lord H o w e Island are adjacent to plunging cliffs in southern portions of the
island. These water depths exert a fundamental control on the height of the waves that break on
different portions of the island. Breaking wave heights exceed 10 m for m a n y plunging cliffs,
but are more often between 5 and 10 m for shore platforms.

6. The development of small-scale
rock coast landforms
6.1 Introduction
In contrast to the morphology of shore platforms and sea cliffs, which can be ambiguous with
respect to process, m a n y small-scale rock coast landforms have a relatively uncomplicated
erosional history. It has often been suggested, for instance, that forms such as sea caves,
blowholes, arches, and stacks, are simply the result of wave erosion of geological discontinuities
within the cliff face (e.g. Moore, 1954), but few studies have examined the subject using
quantitative data. In Chapter 5, rock resistance at Lord H o w e Island was divided into categories
A to E according to the density of jointing and Schmidt H a m m e r hardness, which incorporates
the influence of weathering.

In Chapter 6 the development of small-scale landforms is

discussed within the framework provided by the rock resistance classification. Through this
analysis it is possible to assess the extent to which different processes are responsible for the
development of various landforms, and in doing so a context is set for a discussion of the
evolution of sea cliffs and shore platforms in Chapters 7 and 8. This chapter includes discussion
of landforms that have defined lateral boundaries such as sea caves, blowholes, gulches, arches,
and stacks, as well as elements of shore platform microtopography such as rock pools, ramparts,
and notches at the cliff-platform junction.

6.2 Sea caves and blowholes
Moore (1954) suggested that the method of origin common to all sea caves is differential
erosion by waves. Conditions suitable for differential erosion can be produced by a number of
factors. For instance, joints have been preferentially excavated into sea caves at L a Jolla,
California (Moore, 1954); weathering of cliff material along joints and faults has triggered the
development of caves at Holderness, England (Hutchinson, 1986); vertical fault lines at the back
of shore platforms have been eroded into sea caves at Enoshima Island, Japan (Sunamura,
1994); sea caves have developed along the erosional discontinuity between hard resistant
volcanic rock and intercalated breccias at Santa Cruz Island, California, and internal structures
within lava flows are probably responsible for the formation of sea caves in lava flows at
Hawaii (Moore, 1954).
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However, there is evidence that indicates that cave development is dependent not only on the
presence of geological weaknesses within the cliff face, but also on the rate at which the
adjacent cliff is receding. For instance, along the coastline of Wales, Davies and Williams
(1985) pointed out that despite the presence of suitable joint structures, limestone and shale
cliffs have not been eroded into sea caves on the open ocean coast, but sea caves have
developed on the more sheltered coast. The authors pointed out that rapid cliff recession m a y
preclude the development of caves. Sunamura (1992) concluded that caves are generally better
developed and more persistent where the rock is relatively resistant but has m a n y discontinuities
that the sea can penetrate.

Basaltic lava flows have several characteristics that indicate their suitability for cave
development, but the most c o m m o n origin of caves at Lord H o w e Island is differential erosion
of dykes that have intruded the basalt. M a n y dykes are extensively jointed and are therefore
less resistant to wave quarrying than adjacent basalt. This m o d e of formation explains w h y
caves are c o m m o n in the North Ridge Basalt, which is intruded by m a n y dykes, but are m u c h
less c o m m o n in the M o u n t Lidgbird Basalt where dykes are fewer (Figure 3.1).

Most sea caves at Lord Howe Island intersect the cliff face at sea level and extend to the seabed
hence, caves are inundated by seawater and cannot be tested for rock resistance properties.
However, small caves are accessible at the back of Type B platforms at Clear Place Point and
Hells Gates. The cave at Clear Place Point has clearly eroded along the face of sills that have
intruded North Ridge Basalt horizontally (Figure 4.17). The sills are of similar hardness to the
adjacent basalt, whereas breccia in the cliff above is of considerably less hardness. However,
when jointing is considered, basalt and breccia are of similar resistance (category D ) , whereas
the two or three sills in the cave have critically lower resistance (categories D and E). M a n y
blocks have been freshly quarried from the sills (Figure 6.1) and it is probable that they are
currently being preferentially excavated by storm waves. A modern origin is also indicated by
the narrow depth of the cave ( m a x i m u m of 2 m ) .

The cave at Hells Gates was probably initiated along the strike of a highly jointed dyke that
pinches out in the roof of the cave (Figure 4.7). However, enlargement of the cave m a y have
occurred through erosion along the contact between the dyke and the tuff. The tuff is generally
less hard than adjacent dykes, but differential jointing of dykes yielded a range of rock
resistance values. The boulders that are apparent infrontof the cave are actively accumulating
through weathering of a highly jointed dyke in the roof and sidewall of the cave. During
storms, these boulders would be used as tools with which waves abrade tuff in the cave walls,
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but broken waves probably exert impact forces that are sufficient to quarry the highly jointed
dykes. The cave is sheltered from wave activity by Searles Point as well as a large dyke that
protrudes in the shore platform in front of the cave. Further shelter is afforded by the width of
the shore platform (c. 25 m ) and shallow water conditions at the outside edge of the platform.
This small cave (2.2 m wide, 5 m deep) m a y have formed during the Holocene, but it is possible
that the cave developed prior to deposition of Searles Point in the middle Pleistocene (Brooke,
1999).

In stark contrast to caves that are fronted by shore platforms are 13 caves within the North
Ridge cliffs that are inundated with water (e.g. Figure 4.12). T w o of these caves (located
approximately beneath and a little east of K i m s Lookout, see Figures 1.1 and 4.2) were
investigated using scuba. Divers entered the caves to a distance of 30 m and 50 m , and on the
basis of cave geometry at those distances, the entire length of the caves is estimated to be about
40 m and 67 m respectively. This is indicated in the schematic diagram of the larger cave in
Figure 6.2.

A particularly notable feature of the caves is that well under half of their total length is exp
subaerially. If the impact of breaking, broken or standing waves had eroded the caves at current
sea level, m a x i m u m cave width would occur at or above still water level where the dynamic
pressure of waves is greatest. Moreover, the caves would not necessarily continue to the sea
floor at a depth of 9 to 11 m , as the dynamic pressure exerted by waves decreases exponentially
with water depth (Sunamura, 1992). These factors indicate that cave development was not
initiated at the current sea level. Further evidence as to the antiquity of the caves is that
sediments consistently fine towards the back of the cave (D. Kennedy, 2001, personal
communication). It is likely that modern processes sort sediments within the caves, but the
absence of boulder material at the back of caves indicates that wave quarrying is not occurring
at present.

It is unlikely that the caves developed during the Last Interglacial (substage 5e), as sea level
during this period was a little above present sea level. Stillstands of sea level occurred during
substages 5a and 5c, but sea level was close to 20 m below present (Chappell et al., 1996),
which is well below the floor of the caves in question. The most likely explanation is that cave
erosion occurred during transgressions and regressions of the sea. The length of the caves
indicates that erosion has probably not occurred entirely during the postglacial transgression;
perhaps some portion of the caves can be attributed to erosion during a transgression of sea level
leading up to the Last Interglacial m a x i m u m and the subsequent regression of that sea level.
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Figure 6.1 - The photograph is taken inside the cave at the back of the shore
platform at Clear Place Point (see Figure 4.17). The jointing within the sills facilitates
wave quarrying, and this is indicated by fresh surfaces such as the one in the
photograph. The compass is 7 c m wide.
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Figure 6.2 - Schematic cross-section of a sea cave within the North Ridge cliffs. The total
length of the cave is probably 67 m or more, but well under half of that length is currently
exposed above sea level. The force of waves decreases exponentially with water depth,
which indicates that m u c h of the development of this cave m a y have occurred w h e n sea
level w a s lower than at present.
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At present sea level, w a v e erosion processes m a y contribute little to the overall development of
cave length, but the subaerially exposed openings are subject to enlargement both by weathering
processes and by wave attack during rare, high-magnitude events. It should also be noted that
enlargement of the cave opening would result in a steepening of the predicted slope of the cave
roof in Figure 6.2. If the original cave roof was somewhat lower than at present, the caves m a y
be longer than predicted. For instance, if the cave roof in Figure 6.2 was only 4 m above
present sea level prior to enlargement during the Holocene, the total length of the cave would be
closer to 74 m .

This possibility adds further support to a postulate of polycyclic cave

development.

In most instances dykes are apparent in the roof of caves that have been cut in the North Ridge
cliffs, and it is likely that differential wave erosion of highly jointed dykes resulted in cave
formation. Initiation of sea caves within the North Ridge cliffs probably occurred in conditions
similar to those that are currently observed in the suite of caves south of Blinky Beach.
Immediately south of Blinky Beach, a beach is exposed infrontof a cave that is 7.7 m deep and
5.9 m wide (Figure 4.24). The roof of the cave is highly weathered, particularly where densely
jointed dykes occur, and weathering of the dykes appears to have resulted in an accumulation of
boulders within the cave that range in diameter from a few centimetres to 130 cm. The boulders
are highly rounded, whereas joint blocks within dykes are angular. It is likely that the boulders
have been rounded by contemporary storm waves that use sand and boulders as abrasive tools to
enlarge the cave; however, cave initiation probably occurred through preferential wave
quarrying of dykes, as it is unlikely that abrasion processes would operate m u c h more rapidly on
dykes than on coarsely-jointed, but low resistance Boat Harbour Breccia. The Blinky Beach sea
caves south of the one described are inundated with water, but during an extremely low tide an
examination was possible of one such cave. The cave walls were exceedingly smooth, having
been very effectively abraded, but the walls also exhibited a smooth dimpled pattern that
indicates that cavitation processes have probably contributed to the development of the cave. It
is likely that abrasion processes decrease in importance as water depths increase (as waves are
less able to entrain sediment), as does the importance of weathering processes, whereas the
importance of wave-impact forces and cavitation gradually increase.

Sunamura (1992) stated that blowholes form when the hydraulic and pneumatic action of waves
punctures the weaker part of the roof of a sea cave. Sea caves and blowholes appear to develop
through a similar process at Lord H o w e Island, and the distinction between the forms is merely
a reflection of the nature of the topography that is eroded. For instance, a sea cave has
developed into a blowhole on the southern side of Clear Place Point where cave expansion
beneath the upper, relict shore platform surface has eventually breached that surface.

By
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contrast, two sea caves have formed in the cliffs between Clear Place Point and Blinky Point
because cliff heights are too great to be breached by upward pressures exerted within the caves.
The blowhole at Clear Place Point has been excavated along the strike of two or three highly
jointed dykes in m u c h the same manner as the sea caves that have formed in other places in the
North Ridge Basalt. O n e of the excavated dykes was tested with the Schmidt H a m m e r and
revealed a mean rebound value of 37. The high density of jointing within the dyke placed it in
the lowest category of rock resistance.

On the southern side of Mutton Bird Point a number of small blowholes have developed at the
seaward edge of the shore platform (Figure 4.26). In contrast to the development of large sea
caves and the blowhole within the North Ridge Basalt, the blowholes at Mutton Bird Point are
probably contemporary. These blowholes were inaccessible during the course offieldwork,but
it is likely that the complex geology of Mutton Bird Point, including steeply dipping tuffs that
contain lapilli of basalt glass and basalt blocks (McDougall et al., 1981) resulted in conditions
that are suitable for small-scale differential wave erosion leading to the development of small
blowholes.

6.3 Gulches
There are few papers devoted specifically to gulches that develop along rock coastlines, but
Clark and Johnson (1995) discussed the formation of gulches, which they termed keyhole inlets,
along the Baja California coastline of Mexico. T w o types of gulch were described: (a) long and
narrow inlets with steep-sided walls that develop from blowholes and small sea caves in pockets
of chaotic jointing on resistant headlands or islands; and (b) shorter and wider inlets that lack
steep-sided walls, which develop in jointed rocks that have low resistance to erosion. It was
suggested that wave shock (impact pressure) is the main process responsible for excavating the
joints. In terms of form, most gulches at Lord H o w e Island are broadly similar to the long and
narrow inlets described by Clark and Johnson (1995). However, while some gulches have
developed through excavation of joints, most gulches at Lord H o w e Island appear to have been
formed through preferential wave quarrying of highly jointed dykes.

Gulches dissect shore platforms at Clear Place Point and Blinky Point, but they are most
frequent within the hillslopes and plunging cliffs that occur between Rocky Point and Georges
Bay. McDougall et al. (1981) pointed out that the development of gulches through this section
of coastline reflects the criss-crossing nature of dykes and sills (Figure 3.1). Whereas sills dip
gently southwest into the hillslope, near-vertical dykes have intruded perpendicular to the
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hillslope. A s a result of this aspect, dykes are generally less resistant to wave erosion than sills,
but the relationship is very m u c h dependent on the local resistance of the intrusions.

The development of gulches and hillslope microtopography was investigated at Rocky Run
through two detailed cross sections that were surveyed perpendicular to the coastline (Figure
6.3). Figure 6.3 (a) presents a uniform slope despite alternate outcrops of Boat Harbour Breccia
and dykes and sills. The uniformity of the profile is a reflection of the similarity of each of the
outcrops in terms of rock resistance (categories A to C ) ; moreover, small deviations from the
profile are generally explained by the presence of more or less resistant outcrops. Figure 5.3 (b)
presents a stark contrast to the uniform profile of Figure 5.3 (a) owing to a deep gulch (c) that
has been eroded m i d w a y along the profile along the strike of an intrusion. The intrusion has
high Schmidt H a m m e r hardness, but is jointed to the extent that it is has very low resistance to
erosion (category E). Adjacent to, and in stark contrast with the low-resistance intrusion, is
Boat Harbour Breccia that is hard and coarsely jointed (category B ) . Similar contrasts between
intrusions and Boat Harbour Breccia are apparent both up- and down-slope from the gulch, but
lowering has been less dramatic.

It is notable that the heavily eroded intrusion, which runs parallel to the shoreline, has been
excavated to a depth of about 5 m despite being about 6 m above m e a n sea level. The depth of
the water at the foot of these hillslopes probably exceeds 15 m , which indicates that waves do
not break against the hillslope unless wave heights are in excess of 10 m . Such wave heights
are rare (perhaps occurring once per year at this site), but w h e n they do occur they must exert
considerable impact forces that would represent very effective quarrying agents. During lesser
storms, in which waves do not break directly against the hillslope, it is likely that swash and
surge across the profiles m a y also generate forces that are capable of preferentially plucking
highly jointed dykes and sills. It is possible that the development of deep gulches m a y be
polycyclic, but freshly quarried surfaces attest to the impact of modern erosion.

It is apparent from the surveyed profiles that substantial erosion does not occur along this
stretch of coast unless the shoreline is composed of rocks in low categories of rock resistance.
Boat Harbour Breccia is generally of high resistance (category A or B ) , as are most dykes
(categories A to C ) , and these resistant rocks appear capable of withstanding the assault of surge
and swash and even the direct attack of large breaking waves. Hence, high rock resistance helps
to explain w h y the area of shoreline between Rocky Point and Boat Harbour has not been
eroded into shore platforms. Modern processes have simply cleared vegetation and debris from
the hillslope (Figure 4.27).
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Figure 6.3 - (a) Uniform hillslope profile with relatively even rock resistance; (b) hillslope with
deep gulch eroded parallel to the shoreline in less resistant rock; (c) photo of a deep gulch at
Rocky Run. Note: on all cross sections M S L is shown with a thick line, whereas M H W S and
M L W S are shown with thin lines.
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Gulches within Boat Harbour Breccia are very narrow as they are the result of quarrying of a
single dyke, or a few adjacent dykes. B y contrast, Old Gulch in the North Ridge cliffs is
currently expanding laterally through erosion of joints along the sidewalls of the gulch. It is
difficult to speculate on the original formation of Old Gulch, but it is notable that several sea
caves near the base of M o u n t Eliza exist within embayments in the cliff line. The embayments
generally have a width that is similar to their depth of indentation, unlike gulches that have a
greater degree of indentation, but it is possible that continued cave development m a y ultimately
result in cliff collapse, and removal of the debris produced m a y expose a gulch of dimensions
similar to that of the original cave.

6.4 Arches, stacks and islands
The arch that dissects Roach Island (Figure 4.5) was inspected using scuba. The average water
depth within the arch is 10 m , which is similar to the water depthfrontingsea caves within the
North Ridge cliffs. This implies that the arch m a y be contemporaneous with the sea caves in the
North Ridge cliffs. The primary difference between the arch and the sea caves is that the
topography of Roach Island allowed erosion to breach the other side of the island. In this sense,
it is notable that the length of the arch is 125 m , which is considerably longer than the estimated
length of the caves investigated, reflecting the likelihood that the arch has been eroded from
both sides (though it is probable that erosion of the northern exposed side has been more rapid).

Arch development at Roach Island was probably initiated by wave quarrying of a highly jointed
dyke, or dykes, which resulted in the formation of small sea caves. The sea caves increased in
length m u c h more rapidly than they increased in height, such that the union of the caves resulted
in the development of an arch. H a d Roach Island been a little lower, the roof of the caves
would have been breached leading to the development of blowholes. If Roach Island were
considerably lower, gulches rather than sea caves would have developed. It is clear, however,
that weathering of the high roof of the arch, and perhaps wave erosion during very large wave
events, will eventually result in collapse, and a stack will be created. It is likely that stacks and
islands lying off Roach Island have been created in this manner.

The manner in which the arch at Roach Island has developed is similar to the textbook treatment
of arch development: that is, through wave erosion of a geological weakness on either side of a
point. However, it should be noted that erosion by solution, surge channels and tsunami have
each been linked with arch development, and arches m a y sometimes develop through wave
erosion on a single side of a point (Shepherd and Kuhn, 1983). Erosion of the arch at Lord
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H o w e Island has occurred over a considerable period of time, but a number of other studies of
arches and stacks have benefited from sequential photographs. Probably the most complete
sequence of photographs is that published by Johnson (1925) from a point near Table Head,
Cape Breton Island, Canada (see Shepherd and Kuhn, 1983). Johnson's photographs show that
a sea cave developed in the point by 1900, and by 1908, erosion of the cave had penetrated the
other side of the point thereby creating an arch. Photographs in 1916, 1917 and 1918 show
enlargement of the arch, and by 1921 the arch had collapsed resulting in two stacks. B y 1923,
the landward stack had also been removed. This sequence of photographs clearly documents a
progression of landforms through sea caves, arches, and then stacks, and there can little doubt
that the dominant mechanism of formation is wave erosion.

Sunamura (1992) noted that stacks are not always formed from arches. For instance, between
1960 and 1966, a stack was separated from a mudstone peninsula at Taito-misaki, Japan,
through erosion of a highly fractured zone of rock. The very low resistance of this section of
rock prevented the development of an arch. Trenhaile (1987) noted that the Twelve Apostles,
on the Port Campbell coast of Victoria, Australia, are in some cases the limbs of collapsed
arches, but in some cases they m a y have developed directly from erosion of the cliff face
without any intermediate stage.

Trenhaile et al. (1998) investigated two possible modes of stack formation at Hopewell Rocks,
N e w Brunswick, Canada: stacks that are composed of more resistant rocks than on other
portions of a retreating coast; and stacks that are separated from the mainland by erosion along
joints, faults and other planes of weakness through processes such as mechanical wave action,
physical and chemical weathering, and bioerosion. The investigation was conducted using large
numbers of Schmidt H a m m e r measurements on stacks, stack-arches, and adjacent shore
platforms and cliffs. In general, the results indicated that the rocks of which stacks are
composed are no harder than rocks in the adjacent platforms and cliffs. Trenhaile et al. (1998)
concluded that the development of the stacks was due to erosion along prominent joint planes.

Lord Howe Island contains examples of stacks and offshore islands that have been eroded from
the mainland both through erosion along joints and dykes, and through the high resistance of the
rocks in the stack itself. The island in Old Gulch (see Figure 6.10) is an example of an island
that has eroded from the mainland by joint-controlled lateral expansion of the gulch.

By

contrast, m a n y of the stacks and islands in the Admiralty Islands have probably resulted from
preferential wave quarrying of highly jointed dykes. The Schmidt H a m m e r results presented in
Chapter 5 indicate that the dykes of which Sail Rock is composed are harder than any other
dykes at Lord H o w e Island. Moreover, the North Ridge Basalt at Sail Rock and Mutton Bird
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Island is harder than at other localities (Figures 5.7 and 5.8). It is likely that the hardness of the
rocks in these islands has contributed to their preservation.

6.5 Shore platform niicrotopography

To this point, it has been suggested that differential wave erosion is largely responsible for th
formation of sea caves, blowholes, gulches, arches, and stacks. In particular, the evidence at
Lord H o w e Island points towards wave quarrying of dykes, but the impact of waves on joints is
important in some circumstances, and wave abrasion is a significant process where water depths
are relatively low. Further testimony to the erosive capacity of waves at Lord H o w e Island is
provided by rock pools that have been vertically eroded into shore platforms. In contrast to sea
caves, there can be little doubt that rock pools are modern features, for they occur on shore
platforms that have formed in the Holocene (discussed in Chapters 7 and 8).

Rock pools occur in shore platforms throughout Lord Howe Island, but they are most prevalent
in basalt lavas where conditions suitable for differential erosion are produced by the
juxtaposition of basalt, breccia and dykes. Curio Point provides a particularly conducive
environment for rock pool formation (Figure 4.11). A s Figure 6.4 indicates, rock pools are
eroded preferentially in breccia (category D ) , and the lateral margins of the pools are very
effectively constrained by more resistant outcrops of basalt and dykes (categories A to C/D).
There can be little doubt that wave erosion is responsible for the formation of these pools, as the
pools are continuously submerged such that weathering processes are insignificant. Further
evidence of the enlargement of these pools by waves is the occurrence of large rounded
boulders in the base of the pools (Figure 6.5); these boulders would clearly represent very
effective agents of abrasion w h e n mobilised by large storm waves. A consistent pattern of pool
depth or pool size is not apparent, which indicates that pool dimensions are controlled by the
amount of time that has been available for preferential erosion of breccia. In this respect,
weathering of basalt m a y contribute to exposure of underlying breccia. The width of strata is
also important; for instance, vertical erosion of a narrow band of breccia will rapidly expose a
more resistant band of basalt.

In some instances, highly jointed dykes have been preferentially wave-quarried leading to a
variety of small-scale erosional landforms, but the microtopography of shore platforms
throughout Lord H o w e Island generally indicates that breccias and tuffs succumb more quickly
to erosion process than do basalts and dykes. It has been noted that Boat Harbour Breccia is
resistant to erosion between Rocky R u n and Boat Harbour, (categories A and B ) , but near
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Mutton Bird Point the breccia is of low resistance (categories C and D ) . A s a consequence,
gently dipping sills that have intruded shore platforms near Mutton Bird Point give a stepped
appearance to shore platform profiles (Figure 6.6). It is probable that breccias and tuffs yield
more rapidly to weathering processes than do resistant dykes and basalts, but differential wave
erosion is the most important process, as is indicated by the development of rock pools.

The resilience of massive basaltic lithologies to weathering processes at Lord Howe Island is
indicated by the dearth of ramparts on shore platforms. Wentworth (1938) suggested that raised
ramparts form where the outer edges of shore platforms are kept wet by wave splash, and are
therefore less subject to weathering processes that erode with an efficacy that is proportional to
the number of wetting and drying cycles that occur. A n alternative explanation of some
ramparts is that they are lithologically controlled (Gill, 1972b). At Lord H o w e Island isolated
outcrops of resistant rocks raise the rims of some shore platforms, but these structurally
controlled ramparts are discontinuous laterally. The only location of distinct, non-structurally
controlled ramparts occur at Clear Place Point (Figures 6.7 and 6.8).

Cross sections were surveyed across the upper and lower surfaces at Clear Place Point (Figure
6.9). In the lower modern surface, sectors of the rampart have developed in rocks that are more
resistant than adjacent rocks (e), but well developed ramparts have also developed
independently of rock resistance (d).

Schmidt H a m m e r testing was difficult on the upper

surface, which w a s highly weathered and vesiculated, but it is notable that the rampart tends to
be formed in breccia, which is generally less resistant than basalt.

Overall, rock resistance is lower at Clear Place Point than in other areas of North Ridge Basalt,
and this is probably attributable to increased weathering. For instance, Schmidt H a m m e r results
from Clear Place Point indicate that weathering processes have reduced the hardness of basalt in
the modern platform by about 12 %, but a significant difference could not be found between the
hardness of fresh and weathered basalt at Old Gulch. Sanders (1968a) suggested that higher
cliffs shade shore platforms for greater periods of time, thereby reducing the potential for
weathering. It is possible that the low cliffs at Clear Place Point have allowed greater rates of
weathering than the higher North Ridge cliffs. Regardless, the results of Schmidt H a m m e r
testing from Clear Place Point provide support for Wentworth's hypothesis that ramparts can be
produced by differential weathering.

In doing so, evidence is provided that weathering is

actively denuding platforms at Clear Place Point, but weathering has probably been less
effective on other basalt platforms where ramparts are absent.

Figure 6.5 - Rounded boulders within a rock pool at Curio Point. A resistant
dyke occurs on the left side of the pool, whereas basalt outcrops to the right.
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Figure 6.6 - Shore platform cross sections north and south of Mutton Bird Point.
Note that the platforms have a stepped appearance owing to the difference in
rock resistance between gently sloping intrusions and Boat Harbour Breccia.
(Section locations are s h o w n in Figure 8.1).
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Figure 6.7 - Rampart on the lower, modern platform surface at Clear Place Point.
Pools of water accumulate on the platform surface at high tide and dry out
during the subsequent low tide. Schmidt H a m m e r results indicate that the
rampart is not composed of more resistant rocks.

Figure 6.8 - Raised rampart on the upper, relict surface at Clear Place Point.
The rampart is composed predominantly of breccia, which is typically less
resistant than basalt.
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Marine notches develop in calcareous rocks through processes such as solution and biological
erosion, whereas notches in non-calcareous rocks are often the result of wave erosion (Pirazzoli,
1986). Notches do not occur at the back of most calcarenite platforms at Lord H o w e Island,
because w a v e erosion of aeolianite sea cliffs results in cliff slumping rather than notch
formation; that is, the aeolianite is not sufficiently resistant to support cliff-foot notches. Most
aeolianite at Lord H o w e Island was deposited since the Last Interglacial; however, cliff-foot
notches do occur in a number of locations (e.g. Figure 4.38) where there are outcrops of more
consolidated middle Pleistocene aeolianite (Brooke, 1999). It is notable that notches have
developed at the seaward edge of calcarenite shore platforms (probably through processes such
as solution and biological activity) regardless of the age of the aeolianite into which the
platforms have been cut.

The reason for this is that calcarenite platforms have been

consolidated by the repeated impact of waves and submergence by tides.

Notches have developed in tuffs and breccias at Lord Howe Island, and while it is likely that
wave erosion plays a part in the development of these notches, a particularly notable feature of
high basalt cliffs is that intercalated breccia strata are notched tens to hundreds of metres above
sea level; hence, the development of these notches is entirely subaerial. Processes such as salt
crystallisation result in disintegration of the breccia, and groundwater outflow and gravity
effects remove the weathering products. Basalt is also weathered, through processes such as
chemical disintegration, exfoliation, and honeycombing at some sites, but breccia is typically
notched to a m u c h greater extent than basalt, which implies that subaerial cliff retreat is largely
controlled by weathering of breccia.

Evidence from shore platform microtopography as well as sea caves, blowholes, gulches, arches
and stacks indicates the likelihood that wave erosion contributes directly to the development of
notches at the back of shore platforms, but it is very difficult to determine the extent to which
notches are the product of wave erosion and subaerial weathering. A n examination of notches
at the back of shore platforms was m a d e on the western side of Old Gulch where five cross
sections were surveyed (Figure 6.10). The most wave-sheltered platforms (a and b) do not have
notches at the back of platforms despite the occurrence of low resistance breccia, whereas more
exposed platforms (c and d) do have notches. The most exposed platform (e), which has been
cut entirely in basalt, does not have a notch. Notches occur along the length of Curio Point,
which is fully exposed to open-ocean waves and where breccia consistently occurs at the cliffplatform junction (see Figure 6.4).

However, the cross sections in Figure 6.10 indicate that notches do not develop at the back of
platforms that are protected from wave erosion, yet Sunamura's (1992) view of Type B platform
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formation (wave-cut notch development resulting in cliff collapse and platform formation)
suggests that the existence of shore platforms at these localities attests to the presence of
notches in the past. However, it is clear that notch and platform development is a cyclical
process, such that the current dimensions of notches are not necessarily related to the efficacy of
the notch- and platform-forming process. For instance, the lack of a notch at the most sheltered
platform (a) belies the fact that the platform is the widest of any surveyed at Old Gulch. Hence,
it m a y be that the most recent cycle of notch formation and platform widening has recently
concluded at section 10, the notch at section 14 m a y be in an early stage of development, and
the notch at section 12 m a y be in a later stage of development. A n additional factor to consider
is that the width of shore platforms at Old Gulch does not necessarily indicate the speed or
extent of platform formation. Sunamura's model indicates that the low-tide cliffs of Type B
shore platforms do not retreat, but the platforms at Old Gulch are perpendicular to assailing
waves and have their width periodically truncated by the expansion and erosion of joints that
run the length of the platforms.

If notches are wave-cut, the elevation of the notch floor should reflect the level at which wave
erosion has occurred. At the Hopewell Rocks, Canada, Trenhaile et al. (1998) did not find a
consistent relationship between the depth of the notches and exposure to wave erosion, but they
did show that the deepest parts of the notches is consistently at higher elevations on the seaward
side of stacks. Moreover, the elevation of the top of the notches is generally higher on the
seaward side. At Lord H o w e Island, the elevation of notches cut at Curio Point is considerably
higher than the elevation of notches cut in the comparatively sheltered environment of Old
Gulch. This indicates that larger waves have eroded notches at Curio Point at a higher elevation
than comparatively sheltered notches along Old Gulch.

A resolution cannot be reached regarding the extent to which notches at the back of shore
platforms reflect subaerial erosion and weathering or wave erosion. However, it is clear that the
combined action of these processes must lead to more rapid development of notches at sea level
than notches that develop well above the level of the sea. Hence, the cliff face is more rapidly
undercut at sea level than it is above sea level, and this helps to maintain the sub-vertical profile
of basalt cliffs at Lord H o w e Island.

<
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6.6 Summary
Small-scale erosional landforms at Lord Howe Island provide an insight into the nature of the
processes that are actively eroding the rock coast. Differential w a v e erosion of geological
weaknesses is clearly the dominant mechanism through which most features evolve.

In

particular, wave quarrying of highly jointed dykes is important, with m a n y sea caves, gulches,
blowholes and arches developing through this process. It is apparent that the development of
these forms is closely related, with differences in morphology the result of different shoreline
topography rather than different erosion processes. Hence, intrusions within hillslopes have
been eroded into gulches, whereas intrusions in high cliffs have been eroded into sea caves, and
in one instance where the eroded cliff is considerably lower, a sea cave has punctured the roof
of the cliff resulting in a blowhole. In the case of offshore islands, a highly jointed dyke m a y be
eroded on opposite sides of an island such that sea caves eventually coalesce resulting in an
arch. This process has resulted in the large arch that dissects Roach Island. Ultimately, the arch
roof will be weakened by weathering and wave erosion processes to the point at which it
collapses. In this example, there is a progression of landforms from sea caves, to an arch, and
then to a stack.

Microtopography of shore platforms at Lord Howe Island is also very much a reflection of
differential rock resistance to wave erosion. Hence, the stepped appearance of shore platforms
cut in Boat Harbour Breccia reflects the presence of horizontally intruded sills that are m u c h
harder and more resistant than the host breccia. However, at Clear Place Point there is a distinct
rampart on modern and elevated platform surfaces. Schmidt H a m m e r results showed that the
rampart is not composed of more resistant rocks, and it is likely that the rampart is attributable
to differential weathering. If this is correct, the absence of ramparts on other basalt platforms
m a y reflect the current dominance of wave erosion over weathering processes. The impact of
weathering and subaerial erosion processes is clearly evident hundreds of metres above sea level
where breccia strata have been preferentially eroded into notches. Given the evidence attesting
to w a v e erosion from other areas, it is very likely that accelerated erosion of breccia occurs at
sea level owing to the combined erosive action of waves and weathering.
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7. History of planation and the
development of rock coast landforms
7.1 Introduction
This chapter discusses the long-term history of marine planation at Lord Howe Island, and the
development of the sea cliffs that characterise the rugged and bold coastline of the island; in
particular, discussion is centred on the development of talus slopes, plunging cliffs and shore
platforms.

7.2 History of planation
Lord Howe Island is surrounded by a near-horizontal shelf over which water depths are
generally 60 m or less. At the seaward edge of the shelf there is a shelf break that marks an
abrupt change in seabed gradient between the gentle slopes of the shelf and the steep slopes of
the original volcano (Figure 3.9). Bathymetric data indicates that there has been some erosion
seaward of the shelf break, in water depths of 70 to 110 m , but the break generally occurs close
to the 60 m isobath. Afirst-orderestimate of long-term rates of coastal retreat at Lord H o w e
Island can be derived by measuring the distance between the shelf-break and the adjacent point
on the present coastline, and dividing that distance by 6 million years(the approximate length of
time since volcanism ceased). The m a x i m u m shelf width is about 18 k m in the southeast,
indicating erosion rates in the order of 3,000 ra/Ma. B y contrast, only 6 to 7 k m of erosion has
occurred at localities in the south, southwest and northwest, indicating erosion rates of 1,000 to
1,100 m/million years. O n average, the eastern coastline has retreated further than the western
coastline and Menard (1986) thought that this m a y be a result of greater fetch on the eastern
coastline; however, in general the island lies quite close to the centre of the planated shelf, and
most of the coastline appears to have retreated about 10 k m indicating long-term average
erosion rates of 1,700 m/million years.

Lord Howe Island currently has a surface area that is less than 3 % of the area of the shelf.
Erosion has proceeded through the action of marine and subaerial processes, but evidence from
other oceanic islands (e.g. Masson et al., 2002) raises the possibility that catastrophic
landsliding m a y have denuded large sectors of the volcano during volcano growth or soon after
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eruptions ceased. In order to determine whether giant landslides have denuded the Lord H o w e
volcano, multibeam and sidescan sonar systems are required to collect appropriate bathymetric
and seafloor backscatter data. However, the irregular form of the shelf break (see Figure 5.21)
implies that giant landslides could have occurred in several locations.

The original post-eruptive form of Lord Howe Island was presumably a smooth, gently sloping
shield volcano, perhaps 970 to 1,600 m in height (see section 3.3). M o u n t G o w e r is 875 m high,
implying that vertical denudation processes have proceeded at only 15 to 120 m/million years;
hence, vertical lowering appears to have operated 14 to 113 times slower than average rates of
coastal retreat (1,700 m/million years). Long-term denudation rates at Lord H o w e Island are
broadly similar to those reported from basaltic oceanic islands in the Hawaiian group. For
instance, Li (1988) estimated that denudation at Hawaii has occurred at between 40 and 190
m/million years, but N u n n (1994) cautioned that this value m a y over-estimate long-term rates
owing to recent acceleration of erosion by human impacts. Wentworth (1927) estimated a
denudation rate of 105 m/million years from Lanai Island, though he thought that the true rate
m a y have been closer to 61 m/million years, and on the basis of river water chemistry, Moberly
(1963) estimated that denudation rates at Kaneohe Bay have been about 130 m/million years.

Nott et al. (1996) found that headward erosion of the Shoalhaven Gorge, New South Wales, has
occurred at approximately 15 times the rate of escarpment retreat, and 250 times the rate of
summit lowering (vertical denudation).

This study demonstrates the important point that

although subaerial processes m a y denude vertically at a very slow rate, subaerial erosion rates
m a y be considerably faster with respect to lateral erosion of scarps, and in particular, headward
erosion of gorges (i.e. nickpoint retreat).

In southeast Australia, inland scarps have generally retreated at a rate of 12 to 28 m/million
years (Young, 1983; Y o u n g and McDougall, 1985), although Nott et al. (1996) noted
considerably slower erosion rates at the Shoalhaven Gorge (0.3 m/million years). Basalt scarps
in central Queensland, Australia, have retreated at rates of up to 130 m/million years (Young
and Wray, 2000), whereas rates of 50 to 95 m/million years have been recorded at Drakensberg,
South Africa (Fleming et al., 1999). Very rapid rates of 320 m/million years have been reported
from basalt scarps at the Isle of Skye, Scotland, but this dataset incorporates erosion following
deglaciation 17,500 years B P , which probably reflects frost shattering under periglacial
conditions; present erosion rates are thought to be in the order of 100 m/million years
(Hinchliffe and Ballantyne, 1999).
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Douglas et al. (1991, 1994) have summarised the main factors controlling subaerial erosion of
basalt cliffs in Northern Ireland. The studies indicated that a continuous evolution of rock
properties occurs within cliff faces starting with initial development of microfractures, and then
erosion of microfractures by processes such as swelling, oxidation of iron, hydration, and
freeze-thaw. The ultimate stage of evolution occurs w h e n instability results in rock falls by
gravity. The authors noted that these small-scale changes induce instability in larger-scale
discontinuities, or produce local overhangs, which periodically favour large rock falls. "The
small-scale changes must, therefore, be regarded as the fundamental cause of all instability in
these basalt freefaces. The exploitation of the crack system, in particular the microcrack
system, is fundamental in the weathering of the rock and cliff face at all scales" (Douglas et al.,
1994, p86).

It is likely that precipitous, unvegetated basalt cliffs at Lord Howe Island erode through smallscale rock falls that result from weathering processes that weaken microcracks within the cliff
face; however, differential erosion of particularly weak strata m a y periodically undermine large
sectors of cliff thereby resulting in large rock falls. It is often the case that coastal cliffs are
particularly prone to weathering of discontinuities by salt crystallisation and expansion (e.g.
Johannessen et al., 1982), and these processes are active at Lord H o w e Island. B y contrast,
freeze-thaw and other periglacial processes do not occur at Lord H o w e Island, and they
probably did not occur even at the m a x i m u m of the Last Glacial. Hence, while the free
availability of salts in an oceanic environment m a y have engendered more rapid rates of
subaerial cliff erosion at Lord H o w e Island than that reported from inland sites in Australia and
South Africa, the lack of periglacial processes have probably resulted in long-term erosion rates
being somewhat slower than those reported at the Isle of Skye; present erosion rates at the Isle
of Skye are thought to be about 100 m/million years, and it is unlikely that erosion rates at Lord
H o w e Island would be m u c h faster than this.

Given an average rate of coastal retreat of 1,700 m/million years, and assuming an average
subaerial erosion rate of a little over 100 m/million years, subaerial erosion of cliffs at Lord
H o w e Island probably accounts for 5 to 10 % of total sea cliff retreat. The remaining 90 % or
more of cliff retreat is largely attributable to marine erosion. A n additional factor represents the
development of subaerial drainage, and particularly headward erosion of gorges, which can
occur m u c h more rapidly than summit denudation and lateral scarp erosion (Nott et al., 1996).
It is clear that m u c h larger stream catchments would have developed on Lord H o w e Island when
the island w a s younger and larger than it is at present; this would have resulted in stream
erosion being a more important process than it is currently. In particular, it is possible that
subaerial erosion would once have resulted in the development of large amphitheatre-headed
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valleys, which are a distinctive feature, for instance, of m a n y of the Hawaiian Islands and
Society Islands. Erskine Valley, which occurs between M o u n t G o w e r and M o u n t Lidgbird,
contains the only perennial stream at Lord H o w e Island. Drainage off the high mountains that
surround the valley has supplied sufficient runoff for the stream to erode vertically at a more
rapid rate than cliffs have retreated. This is indicated by the fact that the stream currently enters
the sea at grade. This example provides an insight into the possible nature of stream erosion
when the island w a s considerably larger than at present.

The final product of volcanism at Lord Howe Island can be viewed as a smooth, gently sloping
subaerial shield volcano, although it is acknowledged that this 'ideal' shape is relatively rare in
oceanic islands owing to factors such as eruptive irregularities and giant landslides (Mitchell,
1998). It is likely that w a v e erosion of the coastline was very rapid initially. For instance, Bird
and Rosengren (1984) noted that pyroclastic rocks in the Krakatau Islands were eroded by
waves at 6.6 m/yr, whereas lava flows were eroded at the rate of a few centimetres per year.
However, while erosion of lava flows m a y be slow w h e n compared to erosion of pyroclastic
deposits, a rate of a few centimetres per year is an order of magnitude higher than long-term
rates of coastal erosion estimated at Lord H o w e Island. W a v e erosion of the original coastline
of Lord H o w e Island would have been rapid initially, not only because deep water near the
shoreline would have resulted in waves of high energy, but because gently sloping flanks erode
into low cliffs (for instance, terrain sloping at 5° must erode 1.1 k m before cliffs are 100 m
high), and erosion of low cliffs would have produced small amounts of talus that could have
been quickly removed; hence, during the early stages of cliff development, talus would have
represented a relatively minor impediment to wave erosion.

Bradley (1958) and Flemming (1965) demonstrated, through shore platform observations and
mathematical modelling respectively, that the m a x i m u m extent of cliff retreat at the current
stillstand is about 500 m . Hence, probably thefirstrestriction placed on rapid cliffing of the
newly extinct volcano would have been the development of wide shore platforms in front of the
retreating cliffs. Calculations of the m a x i m u m width of shore platforms are based on a static
equilibrium view of platform evolution. Dynamic equilibrium concepts indicate that continued
cliffing can occur under a stable sea level, but erosion rates become very slow as cliff retreat
ultimately becomes dependent on erosion of seaward portions of shore platforms.

In addition to cliff retreat being limited by the development of shore platforms, it is apparent
that extension of a submarine shelf in front of retreating cliffs also results in increased
attenuation of w a v e energy over time (Menard, 1986). Darwin (1844, 1846) was thefirstto
suggest that continued cliffing could not occur under stable levels of the land and sea. H e
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hypothesised, on the basis of bathymetric observations and reconstructions of the island of Saint
Helena, that marine processes could not have eroded large volumes of rock beneath sea level,
while simultaneously depositing a smooth seabed of fine sediment. These observations were
overlooked for more than a century as most researchers believed that waves could abrade the
seabed to wave base, which w a s generally thought to occur at a depth of about 100 fathoms (c.
183 m ) . With abrasion occurring at such great depths, it appeared as if continued cliff cutting
could occur under a stable sea level, as nearshore waters remained sufficiently deep to maintain
high wave energy at the shoreline. Dietz and Menard (1951) eventually dispelled notions of
wave base and confirmed Darwin's suggestion that the limit of vigorous wave abrasion on the
seabed is about 10 m.

Darwin (1846) thought that a landmass must gradually subside in order for cliffs to be
continually eroded by the sea, but it is clear that eustatic sea level fluctuations provide
worldwide conditions suitable for ongoing marine erosion of cliffs (Cotton, 1969a). If sea level
remained stable for a long period of time following the termination of volcanism at Lord H o w e
Island, shore platforms m a y well have reached a width at which cliff retreat could no longer
occur. In this case, renewed cliff cutting would have required either erosion of the seaward
edge of the shore platforms, or a change in relative sea level such that cliffing could occur at a
new level.

There have been many changes of sea level since volcanism ceased at Lord Howe Island, and
this has provided repeated opportunities for marine processes to erode the coastline at different
levels. It is reasonable to assume that sea level at Lord H o w e Island has approximately
followed the sea level curves derived from dated coral terraces at H u o n Peninsula, N e w Guinea
(Chappell and Shackleton, 1986; Chappell et al., 1996; Y o k o y a m a et al., 2001a, 2001b), and
stratigraphic sequences in the Wanganui Basin, N e w Zealand (Pillans et al., 1998). Together
with oxygen isotope stages (after Shackleton, 1987; Martinson et al., 1987; Shackleton et al.,
1995), a compilation curve is plotted in Figure 7.1 (a); the curve follows H u o n Peninsula data
for the past 240 ka, while the remainder of the curve follows data from the Wanganui Basin.

The figure demonstrates that over the last 1.2 million years, sea level has repeatedly risen cl
to present levels (0 m ) and dropped 100 m or so below present, but most of the time the level of
the sea has been between these extremes. In order to determine the length of time that the sea
has been at different levels, the sea level curve was apportioned according to the elevation of
different sectors of the curve. The total length of curve in each sector was then derived and a
percentage calculated. This exercise demonstrated that over the past 1.2 million years, sea level
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has been 25 m to 75 m below present for more than 70 % of the time. B y contrast, sea level has
been at or above its present position for less than 4 % of the time.

Most of the shelf that surrounds Lord Howe Island occurs in water depths of 60 m or less, whic
indicates that for about 50 % of the last 1 million years, sea level has been at or off the edge of
the planated shelf. However, as Figures 5.22 and 7.1 (b) indicate, in m a n y areas the original
volcano seaward of the shelf break appears to have received less erosion than one might expect
given the length of time that the sea has been at that level over the past 1 million years. A
possible explanation for the apparent lack of erosion is that planation of shelf m a y have
occurred largely in Tertiary times w h e n sea levels were mainly above present or less than about
75 m below present (Vail and Hardenbol, 1979; Haq et al., 1987; Pillans et al., 1998).

Nunn (1994) pointed out a number of difficulties with deciphering Tertiary sea level curves an
with extrapolating curves to oceanic island settings. However, it is possible that the broad
pattern of Tertiary sea level movement at Lord H o w e Island m a y follow the global curve
suggested by Vail and Hardenbol (1979), in which, following a late Miocene (c. 6.6 M a ) sea
level 100 m lower than present, a major transgression occurred that quickly raised sea level to
about 100 m above present. This statement broadly accords with the suggestion made by
McDougall et al. (1981) that sea level at Lord H o w e Island m a y have been close to present level
during the time in which subaerial eruptions were occurring. It is likely that sea level then
remained above its present level before regressing during the mid Pliocene; Vail and Hardenbol
(1979) estimated that sea level m a y have been about 90 m above present 4.2 M a , and N u n n
(1999) noted that sea level m a y have been about 25 m higher than present 4.35 M a . The mid
Pliocene regression probably lowered sea level less than 50 m below present (Haq et al., 1987),
and the period between 4.8 and 3.3 M a is generally regarded as a period of warming and sea
level rise (Nunn, 1999). Sea level gradually lowered in cooler climates during the late Pliocene
(3.3 to 1.77 M a ) , and it was during that period that orbitally-driven glacial-interglacial
oscillations of climate (which characterise the Quaternary period) became conspicuous. The
early and middle Pleistocene (1.77 to 0.128 M a ) had sea level oscillations of smaller amplitude
and frequency than those of the late Pleistocene (Nunn, 1999), and it is only in the last 850,000
years that sea level has repeatedly dropped more than 100 m below present (see Figure 7.1 a).

Adopting the assumption that rates of planation were greatest soon after volcanism ceased, and
that erosion rates decreased through time, it is likely that a broad shelf was planated during the
Tertiary at somewhat shallower depths than exist currently. The reason for this is that the
average depth of the shelf can be considered a reflection of integrated sea level over the period
in which it was cut, and sea level during the late Tertiary was probably, on average, higher than

201

it has been over the late Pleistocene. If rates of erosion have decreased through time, the past 1
million years would have seen comparatively subdued erosion rates. Hence, while continuing
planation of the shelf has gradually reduced average water depths closer to 50 m , the shelf break
remains at a relatively shallow depth, despite the fact that sea level has been at that depth or
greater for about 50 % of the last 1 million years.

Further clues regarding the history of planation at Lord Howe Island are provided by the large
fossil reef that almost encircles the island in 30 m water depth. The origin and age of the fossil
reef is problematic, as efforts to date material obtained from the reef using scuba were
unsuccessful. The modern fringing reef and minor reef limestone units of Last Interglacial age
are very different in character to the extensive fossil reef that is 2 to 3 k m wide in places. The
fossil reef must have been formed at a time in which m u c h more prolific coral growth was
possible at this latitude than during the Holocene, and it is unlikely that such a large structure
could have formed in the late Quaternary. At a minimum, the fossil reef appears to be older
than oxygen isotope stage 5e (Kennedy et al., in press).

The fossil reef must have formed after the shelf was planated, as wave energy on the landward
side of the reef (see section 5.3.2) is incapable of eroding bedrock to the depths observed
between the fossil reef and the modern coastline. Shallower water depths during lower sea
levels m a y have afforded greater efficacy of submarine abrasion, but the reef would have
attenuated m u c h of the incoming wave energy during lower sea levels. Furthermore, the high
cliffs that surround M o u n t G o w e r must have been eroded prior to establishment of the fossil
reef. The reason for this is that m a n y of the cliffs currently plunge into deep water and are
therefore resistant to wave erosion, but during a lower sea level, in which the cliffs might be
subject to erosive breaking waves, m u c h of the wave energy arriving at the coastline would have
been attenuated across the shallow fossil reef.

In recent years a number of studies have documented evidence for a number of warm
interglacial periods that occurred prior to the Last Interglacial. For instance, Hearty et al. (1999)
described deposits about 20 m above current sea level from tectonically stable sites in Bermuda
and the Bahamas, and concluded that the sediments were probably deposited at the end of a
long, w a r m , and complex interglaciation around 420 ± 30 ka B P (stage 11), but they could not
exclude the possibility that the higher sea level occurred during stage 13. Stirling et al. (2001)
reported uranium-series ages for coral reefs formed on Henderson Island, where, because of
restrictions in ecological development, coral terraces form only during exceptionally long or
w a r m interglacials. The authors reported ages for reef terraces formed during oxygen isotope
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stages 9 (c. 330 ka) and 15 (c. 630 ka); the sea level curve derived from the Wanganui Basin
also indicates a particularly high sea level in stage 9 (Figure 7.1 a).

If planation of the shelf at Lord Howe Island occurred largely within the Tertiary, and perhaps
in the early Pleistocene, the fossil reef could have formed during any of the w a r m interglacials
referred to by Hearty et al. (1999) or Stirling et al. (2001). However, if planation w a s very rapid
the fossil reef could even be Tertiary in age. It is important to note that Lord H o w e Island is
gradually moving northwards into warmer water; hence, during previous interglacials, the island
has been further south of its present position in cooler waters. T h e modern fringing reef at Lord
H o w e Island is the southernmost in the world, such that the fossil reef must record a
substantially warmer phase in the past few million years.

In summary, Lord Howe Island currently lies close to the centre of a planated shelf, and coastal
erosion rates around the island appear to have averaged about 1,700 m/million years. W h e n the
island w a s larger than at present, subaerial processes resulted in rapid dissection of the shield
volcano, and these processes facilitated rapid marine erosion at the coastline.

Subaerial

processes assisted in the retreat of coastal cliffs through weathering processes that eroded
discontinuities in cliffs thereby leading to small-scale rock falls. However, the majority of cliff
retreat is attributable to processes of marine erosion. Marine cliffing of the volcano was rapid
initially, but a number of factors placed increasing restrictions on the rate of coastal erosion (i.e.
shore platform development, a broadening planated shelf, increasing cliff heights), such that
erosion rates decreased through time. Late Tertiary sea levels were generally above present or
less than about 50 m below present. Hence, cliff cutting and planation over this period probably
resulted in a relatively shallow planated shelf. In the last 1 million years, however, sea level has
repeatedly dropped more than 100 m below present, and the lower integrated level of erosion
m a y have lowered the shelf to some degree. Planation of the shelf and erosion of high plunging
cliffs must have occurred prior to the development of the fossil reef. The reef could have
formed during a w a r m interglacial (prior to the Last Interglacial), but it could also be Tertiary in
age. Regardless, because the island has been drifting north into warmer waters, the fossil reef
must correspond to a period of considerable climatic amelioration.

7.3 Talus slopes
Precipitous, unvegetated basalt cliffs at Lord Howe Island erode through small-scale rock falls
that result from subaerial weathering processes such as salt crystallisation and expansion that
weaken joints and interstices within the cliff face. The process refers specifically to excavation
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of single joint-bound blocks, but undermining of larger sectors of cliff would occasionally result
in larger rock falls. Material eroded from the cliff face falls to the cliff foot where it m a y
accumulate into talus slopes.

Accumulation of talus is dependent on several factors, most

importantly, the level of the sea, and the balance between the force of waves that lead to
attrition of talus and its removal from the cliff foot, and the efficacy of subaerial processes
which deliver talus to the cliff foot. Talus production occurs reasonably constantly through
time, but repeated rises and falls of sea level have periodically altered conditions of talus
accumulation. For instance, for about 85 % of the past 1.2 million years, sea level has been 25
m or more below its present position (Figures 7.1 a and b), such that talus has simply
accumulated at the base of cliffs.

Figure 7.2 shows a plot of shore platform width against cliff height at Lord Howe Island. The
diagram shows a negative trend with platform width decreasing as cliff height increases. The
implications of the diagram for shore platform evolution are discussed in a later section, but at
this point it is notable that shore platforms do not occur w h e n cliff heights exceed 200 m
(extrapolation of the trendline in Figure 7.2 b indicates that critical cliff height m a y be about
230 m ) . Cliffs of greater than 200 m height are either plunging or they have cliff-foot talus. It
is likely that this indicates the extent to which talus accumulates at the foot of cliffs, because the
absence of platforms in high cliffs is not overtly related to variation in rock resistance or the
assailing force of waves.

Talus slopes accumulated during glacial periods of low sea level because talus was not removed
from the cliff foot faster than it w a s added. T h e size of the talus slopes that accumulated during
such periods depended on factors such as the intensity of subaerial erosion processes, the nature
of the talus and bedrock eroded, and the height of the cliff from which the talus was sourced.
Other factors being equal, it is clear that the highest cliffs would be associated with the largest
talus slopes, as high cliffs have a larger area of cliff face that is exposed to subaerial erosion
processes (that is, they have a larger 'source area'). While talus accumulation is thought
generally to result from subaerial erosion of cliffs during periods of low sea level, it is apparent
also that marine undercutting of cliffs m a y result in cliff collapse and therefore talus
accumulation. Clearly, erosion of high cliffs through this process would also result in greater
accumulations of talus.

There are six talus slopes along the coastline of Lord Howe Island (Figures 3.1 and 4.1). Four
of the talus slopes occur at the foot of cliffs that have been cut into M o u n t G o w e r (The Big
Slope, a small pocket of talus immediately south of The Big Slope, talus on the western side of
King Point, and The Little Slope), one talus slope flanks M o u n t Lidgbird on the reef-sheltered
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shoreline either side of Little Island (Figure 7.3), and one talus slope occurs between Malabar
Hill and K i m s Lookout in the North Ridge cliffs (Figure 4.13). ArcView GIS was used to
interpolate a Triangulated Irregular Network (TIN) from digital contours, as well as threedimensional images with mapped slope angles (Figure 7.4). Source areas were defined as areas
of cliff face where slopes exceed 50°, whereas talus slopes were defined as those areas with
slopes of 25° to 40°. Field observations indicated that talus slopes generally occur beneath subvertical cliffs, and this property of the cliffs provided for a clear demarcation between talus and
cliff face. Talus and source areas were mapped using the T I N and images with mapped slope
angles as well as aerial and oblique photographs, video reconnaissance, andfieldobservations.
Area and volume calculations were m a d e with ArcView extensions Spatial Analyst, 3 D Analyst,
and X-tools.

In order to test a hypothesis that talus slopes accumulated wholly within the Last Glacial peri
subaerial talus volumes were used to approximate the rates of subaerial erosion that would have
been necessary to amass talus slopes during that period of time separating the Last Interglacial
and the present stillstand of sea level:

3
, ,. . present talus volume (m )
—
Erosion rate (m/time) =
talus source area (m )

The calculation assumes that Last Interglacial sea level removed all pre-existing talus at the
foot, and that marine erosion did not remove talus during interstadial highstands. A s talus
progressively accumulates against a cliff face, it is clear that the source area exposed to
subaerial erosion decreases, but m i n i m u m and m a x i m u m erosion rates can be provided with the
simplifying assumption that only the source area presently above the talus slope was subject to
erosion, or that the entire cliff face was always subject to erosion; the true erosion rate lies
between these extremes. The calculation does not include the possibility that Holocene marine
erosion has removed more material from m a n y talus slopes than has been contributed by
subaerial erosion during the same period. The results are summarised in Table 7.1.

206

Figure 7.3 - The Little Slope and talus near Little Island. Note that the talus near
Little Island is partially protected from wave action by fringing coral reef. The area
of cliff face that is not protected is also without talus, though cliff heights are also
lower.

Mount Gower

Talus (The Big Slope)

Plunging
cliffs

Plunging
cliffs
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Figure 7.4 - Digital elevation model of Mount Gower showing
slope angles. The slope angles provides a clear demarcation
between bare cliff face with gradients of 50° or more, and talus
slope which has slope angles of less than 50 . Vertical
exaggeration is 1.5, Mount Gower has a m a x i m u m elevation of
875 m, the length of The Big Slope is c. 1.6 km.
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Table 7.1 - Estimates of the subaerial erosion rates necessary to accumulate talus slopes
between the Last Interglacial and 6,000 years B P w h e n sea level attained its current level.

Location

Approximate
subaerial volume of
present talus slope
(m 3 )

Erosion rate necessary to
deposit entire talus slope
between 125 ka and 6 ka
(m/Ma)

The Big Slope

76,995,000

129-241

Talus between The Big Slope and
King Point

3,800,400

40-59

Talus slope on the western face of
King Point

567,600

22-33

The Little Slope

7,966,800

18-22

Little Island talus slope

49,530,800

116-245

North Ridge talus slope

699,300

28-49

The estimates in Table 7.1 indicate that many talus slopes at Lord H o w e Island could have
accumulated entirely within the Last Glacial period. Erosion rates of 18 to 59 m/million years
are similar to those reported from inland basalt scarps in Australia and South Africa, but are
considerably less than a rate of 320 m/million years reported from the Isle of Skye. The Isle of
Skye data includes very rapid rates of erosion following deglaciation 17,500 years BP, which
probably reflects frost shattering under periglacial conditions; present erosion rates are only
thought to be in the order of 100 m/million years (Hinchliffe and Ballantyne, 1999). The rapid
rates of erosion required to have formed The Big Slope and the talus slope near Little Island
indicate that these talus slopes have not accumulated wholly in the Last Glacial period, though it
should be stressed that the volume of talus near Little Island m a y relate to the fact that this talus
has been partially protected from Holocene marine erosion by thefringingcoral reef.

Aside from reef-sheltered talus, the calculations in Table 7.1 indicate that The Big Slope
the only talus slope that is likely to have persisted along the exposed coastline during the
m a x i m u m of the Last Interglacial.

This interpretation is supported by Brooke's (1999)

conclusion that a 125 m-long outcrop of aeolianite at the northern end of The Big Slope (Figure
7.5) was probably deposited during stage 5.
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Figure 7.5 - Aeolianite exposed in the base of The Big
Slope (photograph - D. Kennedy).

Possible histories of talus and aeolianite deposition are explored conceptually in Figure 7.6. I
is very unlikely that the aeolianite was emplaced prior to formation of The Big Slope, as
aeolianite would currently occur in greater volumes along the face of The Big Slope, and
basaltic talus would overlie the aeolianite in great quantities. It is more likely that the aeolianite
formed from an assemblage of climbing dunes that cloaked the base of an existing talus slope to
a considerable elevation and subsequently became incorporated into slope failures. If the dunes
were deposited on the talus slope in stage 5, the slope could not have been larger than it is n o w ,
for the aeolianite currently occurs at the base of the slope; however, it is unlikely that the talus
would have been smaller than it is now, or greater expanses of aeolianite would probably be
apparent today. The most likely scenario is that the talus was a similar size to the current slope
and that aeolianite dunes coated the talus and have subsequently been trimmed back by marine
erosion.

The probable evolution of The Big Slope is summarised in Figure 7.7. During the Penultimate
Glacial, and perhaps during preceding glacial periods, it is probable that talus accumulation
increased the size of The Big Slope beyond its present size. However, during the m a x i m u m of

Schematic cross section of the
present assemblage of talus and
aeolianite on The Big Slope

Scenario 1 - aeolianite deposited
prior to talus

Scenario 2 - talus slope w a s larger
than at present when aeolianite w a s
deposited

Scenario 3 -talus slope w a s smaller
than at present when aeolianite was
deposited

Scenario 4 - talus slope w a s similar
in size to the present talus slope when
aeolianite w a s deposited
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Figure 7.6 - Four possible scenarios of aeolianite deposition on The Big Slope. At present,
there is a small outcrop of aeolianite preserved on the northern end of the talus slope. (1 j
Aeolianite could not have been deposited prior to the talus, as talus would n o w overlie
m u c h greater quantities of aeolianite. (2) The talus slope could not have been m u c h larger
during d u n e deposition, as aeolianite would have been deposited seaward of its present
position, and aeolianite at the present shoreline would occur above modern sea level. (3)
It is unlikely that dunes were deposited on talus that w a s smaller than at present, as
aeolianite would probably occur in greater quantities than currently observed. (4) The most
likely scenario is that dunes coated talus that w a s of a size that is similar, or perhaps
slightly larger than present. Holocene marine erosion has since trimmed the aeolianite
and talus to its present size.
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Figure 7.7 - Possible evolution of The Big Slope. (1) Talus accumulated during the Penultimate
Glacial resulting in a larger talus slope than that currently observed. (2) During the Last
Interglacial marine erosion trimmed the talus slope to about its present size. (3) Climbing
dunes were deposited onto the talus during interstadials (and perhaps early parts of the Last
Glacial); these dunes have since solidified into aeolianite. (4) Basaltic talus veneered aeolianite
during the Last Glacial. (5) Marine erosion through the Holocene has trimmed talus to its
present size. In doing so, aeolianite outcrops have been extensively eroded, but a small
outcrop remains at the northern end of The Big Slope.
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the Last Interglacial marine erosion trimmed the talus back to near its present size. During
oxygen isotope substage 5c or 5a, w h e n m u c h of the aeolianite at Lord H o w e Island was
deposited, large climbing dunes coated the base of the talus. In the 85- to 105 ka years that have
elapsed since deposition, marine processes had little effect on the talus, and subaerial erosion of
the cliff face resulted in a veneer of basaltic talus being deposited on the aeolianite dunes. In
the current sea level highstand talus has been trimmed by marine erosion in a similar manner to
that which occurred during substage 5e, and most of the aeolianite deposits have been removed.

It is likely that The Big Slope survived marine erosion during the Last Interglacial while many
other sectors of the coastline were cleared of cliff-foot talus. Hence, other talus slopes at Lord
H o w e Island probably accumulated wholly during the Last Glacial period, and are subsequently
being reduced in size by marine erosion processes (reef-protected talus near Little Island
represents a possible exception). In order to explain the presence of talus, there is a need to
consider relationships between the efficacy of marine processes that erode talus, and subaerial
processes that replenish it. This relationship was investigated at Lord H o w e Island by
contrasting the surface areas of talus slopes and the source areas that occur above the slopes.
This relationship is plotted in Figure 7.8.

The first point to be drawn from Figure 7.8 is that the size of talus slopes generally mirror the
size of the adjacent source area. In this respect, it is notable that the only talus slope in the north
of the island (the North Ridge talus) occurs adjacent to the highest peaks in that part of the
island. It is likely that talus accumulated along the length of the North Ridge cliffs during the
Last Glacial, but the relatively subdued height of the cliffs west of Malabar Hill would have
resulted in smaller accumulations of talus. During the current highstand, the talus slope beneath
Malabar Hill has apparently been fed with sufficient talus to maintain the slope to the present
day, although it is probably m u c h smaller than it was. Other sectors of the North Ridge cliffs
have cliff heights and source areas that were unable to sufficiently offset marine erosion of talus
during the postglacial transgression and stillstand.

The relationship between source area and talus slope size at the North Ridge may be close to a
threshold that demarcates the survival or removal of talus that accumulated during the Last
Glacial. In this respect, it is notable that the source area of the North Ridge talus slope is about
14,400 m 2 whereas the talus slope itself has an area of close to 10,000 m 2 . O n the western side
of King Point in the south of the island, a talus slope that has a surface area of 9,500 m 2 and a
source area of about 17,200 m 2 , has been cliffed by marine erosion processes (Figure 4.30),
which indicates that the source area/slope size relationship m a y be close to the threshold that
explains preservation of talus to the present day.
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Subaerial talus slopes do not occur along the length of plunging cliffs on the eastern face of
Mount Lidgbird and Intermediate Hill (Figure 7.9). Slopes are steep above near-vertical cliffs
of less than 100 m height, but the subaerial processes occurring on these vegetated slopes
apparently do not contribute enough boulder material to sustain talus slopes. A t this point it is
important to draw a distinction between weathering on precipitous and unvegetated cliff faces,
which proceeds largely through processes that lead to the expansion of discontinuities within
rocks, and weathering processes on more gently sloping and vegetated hillslopes, which
generally result in the development of soil profiles. Hence, whereas boulder-talus is the main
product of weathering on cliffs, hillslopes also yield a considerable quantity of clays that are
easily removed in suspension or solution runoff. Hence, talus slopes currently occur along the
coastline of Lord H o w e Island where there are sub-vertical, unvegetated source areas above
talus slopes that are in excess of about 15,000 m 2 . This typically requires cliff heights that are
well in excess of 100 m . If contemporary source areas exceed 15,000 m 2 , subaerial erosion of
the cliff face contributes sufficient material to maintain the talus slopes that accumulated during
lower sea levels in the Last Glacial. If lesser areas of cliff face are present, marine erosion
dominated over subaerial erosion to the extent that talus slopes have been entirely removed
during the postglacial transgression and subsequent highstand. T h e base of these cliffs are n o w
directly exposed to marine processes, and plunging cliffs or shore platforms exist at the
coastline.

If marine processes have low efficacy, or if subaerial processes are very potent, it is possible
that talus slopes could continue to grow during highstands of sea level, but most talus slopes
appear to have diminished in size during the postglacial period. Indeed, the evidence from The
Big Slope, which has endured at least two sea level highstands, indicates that the slope has been
trimmed back during interglacial highstands (Figure 7.7). T h e important point, however, is that
subaerial erosion has sufficiently offset marine erosion of talus during both the present and the
Last Interglacial highstand. The only talus slope that has a surface area in excess of its source
area occurs near Little Island where fringing coral reef has restricted the extent to which the
talus slope has been eroded by Holocene wave action. It is likely that the contribution of talus
from subaerial erosion m a y still be exceeding marine erosion of talus at this locality.

The small size of The Little Slope relative to its large source area is problematic (Figure 7.8).
is the only talus slope at Lord H o w e Island where the size of the talus is considerably different
from the size of its source area, and it provides a stark contrast with T h e Big Slope that has a
similar source area, but which has a surface area 3.5 times as large as that of The Little Slope. It
is possible that T h e Little Slope was m u c h larger during the Last Glacial and that Holocene
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Figure 7.8 - Contrast between the present surface areas of talus slopes and the
surface area of the cliff face above the talus slopes.

Fiaure 7 9 - View south over Red Point. Note that cliffs are lower beneath Mount
Lidgbird than they are beneath Mount Gower (photograph - D. Kennedy).
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wave erosion has substantially exceeded subaerial erosion, but several lines of evidence indicat
that this is unlikely: (a) the wave data from Lord H o w e Island indicates that wave action is more
intense along the eastern coastline than the western coastline; (b) large storm waves impact both
on the southwest coastline and the eastern coastline; (c) subaerial erosion is probably most
powerful along the western coastline as rainstorms generally approach from the west; and (d)
the surface of M o u n t G o w e r generally drains northwest into Erskines Valley and drainage onto
The Little Slope and The Big Slope is relatively restricted. These points indicate that it is
unlikely that currently accelerated marine or subaerial erosion processes could have
disproportionately diminished the size of The Little Slope; in fact, the balance of the evidence
indicates that contemporary processes should have caused a greater reduction in the size of The
Big Slope.

To some extent, the fact that The Big Slope is substantially bigger than The Little Slope, despit
similar-sized source areas, m a y relate to disproportionate accumulation of aeolianite dunes
during and since the Last Interglacial. Brooke (1999) noted that particularly suitable conditions
for transgressive dune emplacement occurred on the eastern coastline owing to favourable
offshore bathymetry.

Hence, greater volumes of aeolianite on The Big Slope m a y have

hindered marine erosion of that slope during the postglacial marine transgression. S o m e support
for this possibility is indicated by the absence of aeolianite from all slopes except The Big
Slope. However, a more satisfactory explanation of the contrasting size of The Big Slope and
The Little Slope relates to the likelihood that The Big Slope has accumulated during more than
one glacial period, whereas a relatively conservative subaerial erosion rate of 18 to 22 m/million
years is sufficient to have amassed The Little Slope within only the Last Glacial. Hence, it is
likely that marine erosion during the Last Interglacial probably entirely removed the products of
talus accumulation on the western side of M o u n t Gower, whereas the eastern side of M o u n t
G o w e r remained fringed by The Big Slope. This view is supported by bathymetric data
presented in Chapter 5 that indicates that offshore from The Big Slope, the submarine gradient
of the seabed is m u c h less steep (c. 2°) than the slope of the seabed off The Little Slope (c. 7°).
This indicates that talus has accumulated over a greater period of time at The Big Slope, and has
been redistributed by w a v e action, whereas The Little Slope has probably only accumulated
during the Last Glacial.

To this point it has been assumed that subaerial erosion of basalt cliffs takes the form of
relatively small-scale rockfalls that gradually denude the cliff face over long periods of time. It
is quite possible, however, that large-scale landsliding m a y have periodically removed large
sections of cliff face. These landslides would be quite different to giant landslides that are
associated with youthful volcanoes where instability is produced by factors such as volcano
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growth as well as m a g m a and dyke injections. Large-scale landsliding of older, tectonically
stable cliffs probably takes the form of cliff collapse following erosion of a layer of strata that is
of particularly low resistance. It is difficult to speculate on the degree to which these rare,
large-scale events m a y have contributed to talus formation, but it is worth noting that the eastern
face of M o u n t G o w e r above The Big Slope is somewhat embayed, indicating the possibility of
past slumping, whereas the western flank of M o u n t G o w e r above The Little Slope is more or
less convex.

Hence, it m a y be that a large-scale mass m o v e m e n t event has deposited

significantly more material to The Big Slope than to The Little Slope. S o m e support for this
hypothesis is provided by the fact that the North Ridge talus and the talus near Little Island both
occur beneath marked scarps in the cliff face (e.g. Figure 7.10). Perhaps Little Island itself
represents a remnant of such a landslide event (Figure 7.11).

Observations on scuba and from boat indicate that deposits of basalt boulders off shore
platforms and plunging cliffs are relatively few. B y contrast, there is generally considerable
submarine boulder material off talus slopes. M c K e n n a (1990) noted that w a v e quarrying of
basalt cliffs and shore platforms in Northern Ireland produces block debris that generally spends
some time on platform surfaces (often in potholes), where it undergoes intense abrasion, but that
clasts are also subject to intense abrasion at water depths of about 10 m . H e noted that clasts
eventually accumulate in sediment sinks represented by backshore storm beaches, whereas finer
sediments are deposited at the landward margin of storm beaches as sloping, supra-tidal ramps.
The sediment system at Lord H o w e Island is very different from that described by M c K e n n a
(1990). Firstly, aside from rock pools on some platforms, shore platforms at Lord H o w e Island
have very little loose material on their surfaces. Secondly, the few boulder beaches around Lord
H o w e Island that do not occur at the base of talus slopes are small in size, and do not appear to
represent a sediment sink of great importance.

In an effort to ascertain what happens to basaltic material that has been eroded from Lord Howe
Island, surface grab samples were collected from the shelf as well as from the coastline and
nearshore sites2. The samples were weighed and subject to acid dissolution to determine the
relative proportion of carbonate and volcanic material at different locations. Figure 7.12
indicates that only trace fractions of volcanic (non-carbonate) material exist close to and
seaward of the fossil reef. In general, samples taken closer to the island also had low volcanic
content, although local patches of sand had a relatively higher proportion. Analysis was
conducted only on the sand-sized fraction of the samples, and the relatively subdued proportion

3

Sample collection was carried out during the course of thesisfieldworkaboard the R V Franklin and a
number of local boats. Earlier samples (1995) collected by Associate Professor Brian Jones were also
incorporated in the analysis.
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Figure 7.10 - Scarp in the cliff face above Little Island.
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Figure 7.11 - Little Island.
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Lord Howe Island and fringing reef
Fossil reef
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Figure 7.12 - M a p showing location of grab samples around Lord H o w e Island. The portion
of the pie chart shaded black represents the percentage of volcanic material in the sample,
while the remainder of the sample is carbonate material.
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of volcanic material probably reflects the fact that "volcanic islands weather into large volumes
of soluble carbonates and easily transportable clays but hardly any sand" (Menard, 1986, pi 11).

Talus material probably gradually weathers through time, but this process is secondary to wave
abrasion of talus during highstands of sea level. It is likely, for instance, that abrasion under
present conditions must relatively quickly reduce boulder material to sand-size material. S o m e
of this material must then be redistributed onto the shelf, and this is noted in Figure 7.12, but, as
Menard (1986) pointed out, weathering of volcanic sands is very rapid, so volcanic sand at the
shoreline is probably quickly reduced to clays or dissolved products. This m a y account for the
lack of beaches composed of volcanic sands at Lord H o w e Island. A partial explanation for the
different sediment systems observed at Northern Ireland and Lord H o w e Island m a y lie in
greater rates of weathering in the warmer sub-tropical climate of Lord H o w e Island.

In summary, it is assumed for the purposes of the model that subaerial erosion of cliffs at Lord
H o w e Island proceeds uniformly through time, but the products of subaerial erosion accumulate
into talus slopes during glacial periods of low sea level w h e n waves cannot remove talus from
the cliff foot. This assumption does not take into account the possibility that cliffs m a y have
been subject to mega-landslides, nor that subaerial erosion rates must have varied with changes
in the climate. However, the model does provide a basis for understanding the long-term
accumulation of talus material. The volume of present talus slopes indicates that most slopes
probably accumulated entirely within the Last Glacial. The Big Slope, however, probably
started accumulating prior to the Last Interglacial; this hypothesis is supported by stage 5
aeolianite that is preserved on the talus. During interglacial highstands, marine erosion of talus
slopes has occurred faster than the rate of replenishment of talus by subaerial processes. If talus
slopes have a small area of cliff face from which talus is sourced, it appears that marine erosion
has entirely removed the products of erosion during the postglacial marine transgression and
subsequent highstand. At Lord H o w e Island, critical source area size approaches 15,000 m 2 .
Finally, only a small proportion of sand-sized sediment in coastal and shelf areas at Lord H o w e
Island consists of volcanic material. This relates to the fact that volcanic sediments generally
weather to soluble carbonates and clays that are easily removed in suspension. Hence, it
appears that weathering processes operate not only to erode blocks from cliffs, but the process
also acts alongside marine abrasion to remove talus material from the shoreline.
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7.4 Plunging cliffs
In areas of coastline that have cliff source areas that are less than 15,000 m2, Holocene wave
erosion has entirely removed subaerial cliff-foot talus thereby exposing cliff faces to marine
erosion processes. Shore platforms currently exist in areas where rocks have yielded to wave
erosion, whereas plunging cliffs exist in highly resistant rocks or they occur in very deep water
that causes waves to reflect off the cliff face.

Cotton (1951b, 1951c, 1952, 1967, 1969a) hypothesised that cliffs that are presently plunging
m a y have been formed during glacial periods of low sea level by marine truncation of
submarine shelves that existed in front of cliffs. The theory indicates that cliffs so formed,
would have been drowned by the rapid postglacial transgression, and that this would have
resulted in deep water at the cliff foot which currently precludes breaking waves and preserves
the plunging condition. Support for this hypothesis is provided by the history of planation so far
outlined at Lord H o w e Island. The evidence indicates that marine processes resulted in rapid
planation of the shelf that surrounds the island. It is likely that planation of the shelf occurred
through progressive cliffing at a range of different sea levels, but erosion rates decreased
through time as cliff heights increased, and as a broadening shelf caused increased attenuation
of wave energy. At some point post-dating planation of the shelf and erosion of the high cliffs
around M o u n t Gower, a large reef developed on the shelf. This fossil reef must have formed
after the cliffs had been cut, as m a n y cliffs n o w plunge into deep water such that wave energy is
reflected; moreover, during lower sea levels, the fossil reef would have attenuated m u c h of the
wave energy reaching the coastline.

Cotton (1951c) suggested that plunging cliffs were eroded during glacial periods of lower sea
level. Plunging cliffs currently occur along about 18 % of the rock coastline at Lord H o w e
Island. It is notable that the m a x i m u m depth to which these cliffs plunge is about 20 m . In
Chapter 5 it was noted that a marked break in seabed gradient occurs in approximately 20 m
water depth, and it w a s suggested that this m a y reflect an ancient shoreline. It was suggested
that the most likely timing of this stillstand was during substages 5a and/or 5c, w h e n sea level
was probably close to 20 m below present (Brooke, 1999). It is possible that erosion during this
period m a y have contributed to the depth to which some cliffs at Lord H o w e Island plunge.

Not all plunging cliffs at Lord Howe Island descend to water depths of 20 m. Near King Point
and Erskines Creek, plunging cliffs occur in water depths that are less than 10 m. Tsujimoto
(1987) noted that plunging cliffs around Japan occur in water depths as shallow as 1.1 m. H e
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subsequently showed that the existence of plunging cliffs is dependent on a threshold between
the force of assailing waves, which is strongly influenced by nearshore water depth, and the
resistance of the rocks in the cliff face. Hence, plunging cliffs only persist in those areas where
rocks are capable of withstanding the greatest force exerted by waves. This represents an
important modification to Cotton's theory: plunging cliffs do not always have very deep water
at the cliff foot, and plunging cliffs composed of very hard rocks m a y develop quite
independently of water depth.

Tsujimoto (1987) calculated wave pressure by estimating the largest wave that breaks at the
shoreline of each study site in a 20-year period. That calculation was dependent largely on the
depth of water at the shoreline, but the input of deep-water wave energy w a s important and the
effects of shoaling and refraction were particularly important in shallow-water and sheltered
sites. Figure 7.13 indicates that the height of the wave that breaks at the shoreline was directly
proportional to wave pressure along the Japanese coastline. A n assessment of shore platforms
and plunging cliffs, similar to that applied by Tsujimoto (1987), was attempted for locations
along the exposed coastline of Lord H o w e Island. The effects of wave refraction and shoaling
were considered to be negligible in most instances as there is generally deep water quite close to
the shoreline.
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At Lord H o w e Island it is difficult to satisfactorily determine the rock resistance parameter of
Tsujimoto's classification, because it is impossible to take compressive strength readings
directly from the face of plunging cliffs (except in the instances where hillslopes plunge into
deep water). Therefore, Schmidt H a m m e r testing was conducted on cliff and shore platform
surfaces that were close to the plunging cliff in question, rather than on the plunging cliff itself.
In situations where Schmidt H a m m e r testing of shore platforms provides a good approximation
of the resistance of rocks in the adjacent plunging cliff, the boundary between the plunging cliff
and shore platform should be the result of a change in nearshore water depth. However, it is not
always possible to distinguish between this possibility, and the possibility that rocks in the
plunging cliff are of critically higher resistance than the rocks in shore platforms.

The presence of plunging cliffs or shore platforms along the coastline at Lord Howe Island is
plotted in Figure 7.14. Shoreline water depth is plotted on the vertical axis. This factor is
directly proportional to the largest wave that m a y break on the cliff, and therefore the largest
wave pressure that can be exerted. Rock resistance is plotted according to the categories
outlined in Chapter 5 (on the basis of Schmidt H a m m e r and joint measurements). The diagram
provides support for Tsujimoto's theory. It is apparent that plunging cliffs generally occur in
more resistant rocks than shore platforms. This is well demonstrated by Schmidt H a m m e r
measurements taken at R e d Point on M o u n t Lidgbird Basalt. These rocks were the hardest of
any Schmidt H a m m e r tests recorded at Lord H o w e Island. The point of testing was on the
western part of Red Point where a shore platform exists. Shoreline water depth m a y well be less
there than at the tip of Red Point, but the presence of the shore platform seems to relate more to
erosion of the talus that overlies the basalt rather than the basalt itself. Therefore, the tip of Red
Point, which is solely M o u n t Lidgbird Basalt, presents a good example of hard rocks in deep
water supporting plunging cliffs.

The resistance of rocks at Erskines Creek (25) supports plunging cliffs, despite relatively
shallow water at the shoreline. However, shore platforms also occur within the M o u n t Lidgbird
Basalt near this site. It is likely that differential weathering is responsible for demarcating shore
platforms and plunging cliffs at Erskines Creek.

A common weathering process on fine-grained basalts at Lord Howe Island is exfoliation,
which is a hydration process in which outer layers of rock are peeled off by expansion of salt
crystals within interstices in rock surfaces (Blackwelder, 1925). This process results in removal
of weathering rinds that have an average thickness of 3.3 m m at King Point, Old Gulch and
Blinky Point, 2.8 m m at Curio Point, and 2.0 m m at Clear Place Point. Weathering rinds do not
develop on coarse-grained breccias and tuffs, instead these rocks are weathering chiefly by
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of Japan (a) (after Tsujimoto, 1987, p85) and Lord H o w e Island (b). The numbers on the
chart for Lord H o w e Island refer to locations in Figure 5.4 (repetition of numbers indicates
testing of different lithologies that occur in close proximity). A critical water depth may
demarcate plunging cliffs and shore platforms at Lord H o w e Island. This is shown on the
chart with a hatched line, but it is difficult to define the threshold water depth as accurate
data is not available for a number of sites (lack of accurate data is indicated with error
bars). Site 25 is subject to localised honeycomb weathering that reduces rock resistance
and enables shore platform formation; this is indicated with an arrow. The shore platform
at site 22 results from erosion of talus that overlies basalt rather than erosion of the basalt
itself. Hence, it is likely that rock resistance is considerably lower than that indicated by
test results from basalt; this is indicated with an arrow.
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chemical processes, and this is clearly evident by the discolouration of tuffs at Hells Gates and
Red Point. The third locally dominant weathering process on basalt rocks is honeycomb
weathering, which is restricted only to M o u n t Lidgbird Basalt at Erskines Creek, the Lower
Road, and near Little Island (Figure 7.15). The origin of honeycombs and tafoni (a related
form) has been the subject of considerable debate, and several possible mechanisms have been
proposed including freeze-thaw, chemical weathering, thermal changes, wind erosion, erosion
of core stones or clasts, and salt weathering (Rodriguez-Navarro et al., 1999).

Recently,

honeycomb weathering has been experimentally reproduced in a homogenous stone.

The

results showed that wind-enhanced evaporation of a saline solution leads to the random
development of small cavities that are later subject to more rapid evaporation than other areas of
the rock face.

This leads to their deepening due to localised supersaturation and salt

crystallisation.

It was concluded that all damage was due to the action of salt crystals

(Rodriguez-Navarro et al., 1999).

Figure 7.15 - H o n e y c o m b weathering near Erskines Creek. The geological
h a m m e r is 33 c m in length.
The physical process of honeycomb weathering was not examined at Lord H o w e Island,
although this would seem an interesting location to study the process, as some property of the
Mount Lidgbird Basalt supports honeycomb weathering whereas the chemically similar North
Ridge Basalt is without honeycombs. Whatever the process, it is possible that unless reduced
by honeycomb weathering, the hardness of the Mount Lidgbird Basalt near Erskines Creek m a y
preclude shore platform development. For instance, north of Erskines Creek, plunging cliffs
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exist despite relatively shallow nearshore bathymetry. B y contrast, shore platforms exist south
of Erskines Creek where nearshore water depths are similar. The difference between the sites is
that honeycomb weathering occurs at shore platform sites whereas honeycombs are not apparent
on the face of the plunging cliff.

There is some evidence to suggest that a critical depth of water exists at Lord Howe Island,
beyond which breaking waves do not occur. In these situations, plunging cliffs exist regardless
of rock resistance. This occurs along the Japanese coast in Tsujimoto's data where a shoreline
water depth of 14 m prevented breaking waves. Extrapolation of Sunamura's (1992, pl79) data
from the Izu Peninsula, Japan, indicates that the water depth threshold at that locality is in the
order of 17 to 18 m (Figure 2.9). At Lord H o w e Island, it is likely that water depths of 20 m at
Red Point and between Boat Harbour Point and Cut Grass Point prevent breaking waves, but it
is difficult to exactly determine the critical depth, so the threshold is represented on Figure 7.14
as a dotted line.

Hillslopes occur in the Boat Harbour Breccia at Rocky Run and at Boat Harbour, whereas
Mount Lidgbird Basalt and breccia at G o w e r Island have been eroded into shore platforms. The
bars around these points on Figure 7.14 (20, 21, 27) indicate that nearshore water depth lies
between 15 and 20 m . Hence, the critical water depth is likely to exist between these two
values. G o w e r Island is an example of an 'Old Hat' island as it isflankedon all sides by shore
platforms (except for a small section on the southern side of the island that consists of plunging
cliffs). These shore platforms exist despite occurring in water depths that are probably close to
20 m . The widest shore platform exists on the eastern side of the island, having been eroded in
soft breccia, whereas narrower platforms exist on other sides of the islands where shore
platforms have been cut in basalt (Figure 7.16). The width of basalt platforms is commensurate
with exposure, and therefore indicates that erosion has occurred as a result of wave action.
However, shoreline water depths of 15 to 20 m require wave heights of 12 to 16 m before waves
break directly against the cliff face. While this m a y seem exceptional, it should be noted that
Gower Island is probably the most exposed locality at Lord H o w e Island, as it bears the full
impact of south and southwesterly storms as well as the persistent attack of easterly swells.

Evidence that large storm waves cause erosion at Lord Howe Island is provided by the elevation
of basalt platforms at G o w e r Island, which are 8.1 m above L A T , and breccia platforms, which
are about 7.8 m above L A T . The elevation of these platforms is higher than any other platforms
at Lord H o w e Island, which indicates that they have formed through erosion by very large storm
waves. It is possible that a higher sea level during the Last Interglacial m a y have contributed to

Figure 7.16 - Location and profile of cross-sections measured at G o w e r Island. Note that
the platform cut in breccia is wider and slightly lower than the platform cut in basalt.
Holocene platforms around G o w e r Island are the most elevated of any platforms at Lord
H o w e Island; this is related to the depth of the water in front of these platforms, which
controls the height of breaking waves.
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these platforms, but active cliff-foot notches and the fresh appearance of the platforms indicate
that wave erosion has been recent.

Plunging cliffs between Boat Harbour Point and Cut Grass Point probably occur in similar
water depths to the shore platforms at G o w e r Island, and rock resistance m a y well be lower. It
m a y be that the lesser exposure of these sites has restricted shore platform development.
Alternatively, water depth m a y be critically higher than at G o w e r Island.

South of Red Point a complex relationship exists between rock resistance, water depth and the
presence or absence of plunging cliffs and shore platforms. In Figure 4.33, the view south from
Red Point shows three points, each with differing shoreline development. The point in the
foreground is fronted by a supratidal shore platform, whereas the middle point has some degree
of benching at a considerable elevation and the most distant point is a plunging cliff with a
small notch and ramp at the cliff foot. T w o possible explanations exist for this sequence: first,
bathymetric data indicates that nearshore water depth m a y gradually increase south from Red
Point; hence, shore platforms form in the relatively shallow waters in the foreground, while rare
but large waves cause erosion at a higher elevation in the middle distance, and the plunging cliff
in the background occurs in water depths that prevent breaking waves. The second possibility is
that shoreline erosion coincides with the occurrence of breccia close to sea level at the point in
the foreground, whereas the breccia-basalt contact occurs some distance above sea level at the
middle point, and basalt occurs at sea level in the case of the plunging cliff. However, a
combination of these factors provides the best explanation of this sequence of forms. Figure
7.17 indicates that the shore platform in the foreground has developed in basalt rather than
breccia, so it m a y be that water depth is critically lower. However, the elevation of the platform
in the middle distance (Figure 7.18) seems higher than would be expected if waves had eroded
homogenous rock. This surface is probably controlled structurally by the contact between the
basalt and breccia. Finally, bathymetric data indicates that the point in the distance occurs in
about 20 m of water, in which case rock resistance is of secondary importance.

In summary, it is likely that Holocene wave erosion has entirely removed cliff-foot talus from
sectors of coastline that have cliff source areas that are less than 15,000 m 2 . W h e r e cliff-foot
talus has been removed, support is found for Tsujimoto's hypothesis that shore platforms have
been eroded, or plunging cliffs preserved depending on the balance between the erosive force of
waves impacting the coastline and the resistance of the rocks in the cliff face. Rock resistance is
gradually degraded through time by weathering, and differential weathering m a y be central to
explaining the existence of adjacent shore platforms and plunging cliffs in some circumstances.

227

•^*t
.N,^.

r

H

•->^r; X-:

^5f^^JBt»

E«*2
^39*"

^to**^Figure 7.17 - Basalt in shore platform south of Red Point.

Figure 7.18 - View south from Red Point showing varied levels of erosion.

However, as Cotton suggested, some plunging cliffs m a y exist in very deep water, and are
therefore not exposed to breaking waves.

7.5 Shore platforms
The morphology of shore platforms is influenced by a range of factors including cliff height,
wave force, tidal range, rock resistance, and weathering processes (Trenhaile, 1987, 1997;
Sunamura, 1992; Stephenson and Kirk, 2000b).

A s a result, it has been noted that shore

platform morphology is often an ambiguous indicator of process (Mii, 1962; Trenhaile, 1987).
In m a n y cases m u c h of the ambiguity m a y be the result of inheritance of platform morphology
from erosion that occurred during previous sea levels. This possibility is demonstrated in a
mathematical model developed by Trenhaile (2001c) that indicates that, over 35 glacial cycles
of eustatic sea level movement, shore platforms develop during interglacial stages, but are
oversteepened and truncated during glacial stages. Hence, modern platform morphology m a y
be a complex assemblage of erosion at different levels and under different environmental
conditions.

7.5.1 Inheritance

It has been noted that microtidal shore platforms in southeastern Australia are often as wide or
wider on sheltered coastlines than they are on exposed coastline. This relationship has been
cited as evidence that Type B shore platforms are probably the product of weathering processes
rather than wave erosion (e.g. Bird, 2000).

However, Bird and Dent (1966) raised the

possibility that shore platforms along the N e w South Wales coastline m a y have formed during
the Last Interglacial; if so, an inverse relationship between platform width and wave exposure
m a y be the result of inherited platforms having their low-tide cliffs truncated to a greater extent
on exposed coastlines. Radiometric dating of sediments on these platforms has lent support to
the possibility that some platforms m a y have been formed during the Last Interglacial (Young
and Bryant, 1993, Brooke et al., 1994). This example demonstrates some of the difficulties
associated with understanding the processes through which platform evolution occurs, w h e n the
form of modern platforms m a y actually bear a polycyclic signature. Furthermore, as E. Sherbon
Hills stated in the William Smith Lecture to the Geological Society of London on 1 June 1960:
"Unless w e understand the ways in which shore platforms are formed it is obviously fruitless to
draw conclusions from them about relative movements of land and sea." Paradoxically, unless
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w e understand the impact of former sea levels on shore platforms, an impediment is placed on
our understanding of shore platform evolution.

Lord Howe Island is a good location in which to decipher past and present shore platform
development, because the island is stable tectonically and there is a small tidal range (the mean
spring tidal range is c. 1.6 m ) . A small tidal range is important, as there is less chance that
zones of erosion from present and Last Interglacial sea levels would have overlapped (Trenhaile
et al., 1999; Trenhaile, 2001a). Furthermore, because Lord H o w e Island occurs at the limit to
coral reef growth, portions of the coastline contain eroded aeolianite surfaces for which the time
of dune deposition is k n o w n (Brooke, 1999; Price et al., 2001), but the carbonate is not so
prolific so as to entirely veneer basalt outcrops. Dating of aeolianite outcrops also allows
comment on the timing of other geomorphological events, such as talus formation (see section
7.3).

There have been several theories put forward to account for the level at which shore platforms
develop. D a n a (1849) suggested that waves erode at a level that is defined by the boundary
between saturated and unsaturated rock, as well as by the size of eroding waves and the range of
the tides. Gill (1967) echoed the sentiments of Dana, but added that rock resistance is also
important. However, Trenhaile (1987) rejected the possibility that a definite boundary between
saturated and unsaturated rock could control the level of platform formation (see section 2.4.1),
noting instead thatfieldevidence indicates that the size of waves, tidal range, and the resistance
of rocks are each important controls on the level of wave attack, and therefore of platform
formation.

Bartrum (1924) suggested that under special circumstances, storm waves might maintain a shore
platform above the normal level of wave attack. The exact level of the platform was thought to
indicate factors such as exposure to storm waves, rock resistance, and tidal range. This theory
was supported by a number of researchers (e.g. Johnson, 1931; Stearns, 1935; Edwards, 1941,
1951), but it was criticised by Hills (1949) and others w h o thought it unlikely that prolonged
storm wave erosion could occur at a single elevation. Most opponents of a storm wave origin of
platforms supported the belief that shore platforms form close to sea level, such that higher
platforms indicate past levels of the sea (e.g. Fairbridge, 1952). A number of researchers have
also m a d e the point that some horizontal surfaces occurring well above sea level are probably
the result of weathering processes that erode structural weakness in cliff faces (e.g. Jutson,
1939; Ongley, 1940).
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Sunamura (1991) has provided the most unambiguous evidence as to the level at which shore
platforms develop.

His laboratory experiments showed that wave-cut notches increased in

elevation as nearshore water depth increased and rock hardness increased. M a n y researchers
had previously noted that platform elevation tends to increase with rock hardness, but there had
been little consideration of the effect of nearshore water depth. T h e results of the laboratory
experiments corroborate the basic principle outlined by Sunamura (1992) that erosion occurs
w h e n the resistance of rocks is exceeded by the erosive power of waves. W h e n rocks in the cliff
face are highly resistant, waves of a certain size are required before erosion occurs. Hence, the
elevation of w a v e attack controls the elevation of the shore platform. Likewise, the height of
breaking waves is proportional to the depth of water in front of cliffs. Therefore, if platform
formation is dependent on the occurrence of waves that break against cliffs, the elevation of
shore platforms must be influenced by the depth of water in front of the cliffs.

At Lord Howe Island there is a very strong (r2 = 0.73) positive correlation between the elevation
of shore platforms and nearshore water depth (Figure 7.19). This suggests that shore platforms
are initiated by w a v e erosion, and that w a v e erosion occurs at an elevation that is dependent on
nearshore water depth.
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In accordance with Sunamura's theory, the scatter in Figure 7.19 is largely related to variable
rock resistance, with platforms cut entirely in soft rocks occurring at a lower level than
platforms cut entirely in hard basalt. For instance, the breccia platform on the eastern side of
G o w e r Island is slightly lower than the basalt platform on the western side (89 and 91). L o w
resistance calcarenite platforms plot well below the trendline, but these platforms m a y have
received considerable secondary lowering by weathering processes. Regardless, nearshore
water depth explains m u c h of the variation observed in the elevation of shore platforms at Lord
H o w e Island. This is an important conclusion with respect to elucidating the nature of the
modern processes that are responsible for shore platform formation, and also with respect to
deciphering the possible imprint of past sea levels on rock coastlines.

Murray-Wallace and Belperio (1991) and others have noted that, with the exception of
tectonically uplifted sites, the height of the Last Interglacial sea level around the Australian
coastline is consistently below the 6 m level that is commonly cited in the literature (e.g. Veeh,
1966; Chappell, 1974; Bloom et al., 1974). The authors noted that Last Interglacial sea level
along the tectonically stable west coast of Eyre Peninsula, South Australia was probably 2 m
above present. Most of the N e w South Wales coastline appears to have been relatively stable
(Bryant, 1992), and T h o m et al. (1981) indicated that the northern part of the N e w South Wales
coastline m a y have experienced a Last Interglacial sea level that was close to 5 m above present
sea level (an error of about 1 to 2 m was noted). T h o m and Murray-Wallace (1988) suggested
that sea level along the central part of this coastline (proto-Hunter Estuary) was approximately 4
to 5 m higher than present, and Brooke et al. (1994) recorded Last Interglacial sediments on
shore platforms up to an elevation of 4.5 m above mean sea level on the northern Illawarra
coastline. Y o u n g et al. (1993) noted Last Interglacial beach sediments from near Tathra on the
south coast of N e w South Wales, which are indicative of a former mean sea level that was about
3 m above present.

Woodroffe et al. (1995) have examined the possible elevation of the Last Interglacial highstand
at Lord H o w e Island. At the southeastern end of Neds Beach there is a 22.5 m-thick exposure
within a cliff that consists of a basal beach facies that is disconformably overlain by an
aeolianite dune facies. The disconformity occurs at 6.1 to 6.3 m above L A T near Neds Beach,
and it can be traced laterally towards Searles Point where it represents the upper bounding
surface of a well-developed palaeosol within which bird bones and Placostylus (an extinct land
snail) occur. The palaeosol is 4 m above L A T east of Neds Beach, but is up to 7 m above L A T
near Searles Point. A n average uranium-series age of 136,000 years B P was obtained from two
samples of coral fragments in the base of the beach facies, and these dates were supported by
thermoluminescence ages of 116,000 ± 18,000 years B P and 138,000 ± 21,000 years B P that

232

were obtained from the quartzfractionof sand located 4.6 to 5.3 m above L A T . Woodroffe et
al. (1995) concluded that the beach unit was deposited during the Last Interglacial when sea
level was 2 to 4 m above present.

There are many variables that restrict an estimate of Last Interglacial nearshore water depths a
Lord H o w e Island, particularly the fact that a considerable quantity of aeolianite was deposited
after the Last Interglacial, which shallowed nearshore bathymetry and veneered coastal
landforms (Brooke, 1999). However, a rough estimate can be provided through the simplifying
assumption that Last Interglacial water depths were about 4 m greater than at present. Figure
7.20 provides this estimate, together with a m a p of the distribution of present-day coastal
landforms. The figure indicates that most sections of the coastline that currently have shore
platforms would have been fronted by water depths in excess of 10 m during the Last
Interglacial, and m a n y areas m a y have had water depths in excess of 15 m or even 20 m . It has
been noted that a threshold water depth exists at the coastline that prevents breaking waves and
thereby prevents cliff erosion. At Lord H o w e Island, this threshold water depth probably lies
between 15 and 20 m depending on local exposure. Hence, in m a n y areas of coastline that
currently have shore platforms, a sea level raised by 4 m is likely to have resulted in plunging
cliffs. At present, approximately 55 % of the rock coastline consists of shore platforms and 18
% consists of plunging cliffs and hillslopes. B y contrast, during the Last Interglacial, shore
platforms m a y have formed along only 20 % of the coastline, whereas plunging cliffs m a y have
been more widespread (perhaps along about 40 % of the coastline). The important point is that
shore platform formation during the Last Interglacial m a y have been m u c h less c o m m o n than it
is currently.

Figure 7.20 shows that many of the areas that may have had nearshore water depths during the
Last Interglacial that were suitable for platform formation, occur in the low-lying middle portion
of the island. Aeolianite, m u c h of which was deposited during interstadials within the Last
Glacial (substages 5a and 5c), n o w veneers m u c h of the middle portion of Lord H o w e Island.
Hence, in order for Last Interglacial platforms to be exposed at present, it is likely that
considerable quantities of aeolianite must have been removed from their surfaces.

In section 4.6, it was noted that a raised calcarenite surface is apparent 4 to 6 m above LAT at
number of locations between Neds Beach and Middle Beach.

It is difficult to determine

whether this surface is the product of wave erosion during the Last Interglacial, as other raised
benches in calcarenite have an elevation that is controlled by the depositional structure of
aeolianite and palaeosols/protocols rather than the level of wave erosion. If the 4 to 6 m bench
does represent a Last Interglacial platform, it is likely that sea level was at least 4 m higher than
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present, as modern calcarenite platforms occur near low tide level. The best evidence of relict
(pre-Holocene) shore platform formation at Lord H o w e Island is at Clear Place Point where a
modern and relict surface occur juxtaposed and are separated by a ancient low-tide cliff (Figures
4.15 and 4.16). The upper surface is similar in topography to the lower surface (Figure 6.9), but
the antiquity of the surface is indicated by Schmidt H a m m e r results that showed that it is more
weathered than the lower surface (see sections 5.2.5 and 6.5). There is little evidence of
lithological or structural control within the upper surface, and the surface is interpreted as a
relict shore platform rather than a weathering feature.

It is notable that the upper and lower platforms at Clear Place Point have raised ramparts at the
outer edge of the platforms that are not controlled by structure. O n e might expect that the
rampart of the relict surface would have been destroyed during a subsequent sea level highstand
or highstands (through erosion of the relict low-tide cliff); however, it is conceivable that the
rampart could have been maintained or even accentuated by the same weathering processes that
formed the rampart, as wave attack during subsequent highstands m a y have kept the outer edge
of the low-tide cliff continually wet.

It is difficult to confidently deduce the nature of the development of the relict surface at Clea
Place Point, but the problem is considered conceptually in Figure 7.21.

The first point

demonstrated in the diagram is that the upper surface was cut during an interglacial sea level
that w a s higher than at present. This m u c h is clear, for at present sea level, platforms that are
more than 8 m above L A T (and the upper surface at Clear Place Point is more than 10 m above
L A T ) occur in nearshore water depths of greater than 20 m (Figure 7.19). Such deep water at
the shoreline results in wave energy being reflected off the cliff face and shore platforms do not
develop. However, it is unlikely that the platform developed during the Last Interglacial,
because sea level w a s probably no higher than 4 m above present at this time (Woodroffe et al.,
1995), and the predicted level of Last Interglacial erosion (given a nearshore water depth of
about 8 m ) is well below the level of the upper surface. Given that the upper surface has
probably been lowered to some extent following its formation, it seems that the sea must have
been 8 m or more above present w h e n the platform was cut.

The relict surface at Clear Place Point probably eroded during a sea level highstand prior to the
Last Interglacial. Lord H o w e Island has been tectonically stable, which indicates a substantially
higher sea level than at present. Hearty et al. (1999) concluded that deposits about 20 m above
sea level from stable sites in Bermuda and the Bahamas probably date from stage 11 (or stage
13), and Stirling et al. (2001) noted long and w a r m interglacials during stages 9 and 15. It is
possible that the relict surface at Clear Place Point m a y have formed during a w a r m interglacial
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such as that corresponding to oxygen isotope stage 9, or perhaps earlier. In making that
speculation, one should also note the possibility that the w a r m interglacial that resulted in
erosion of the relict surface at Clear Place Point m a y also have resulted in the development of
the fossil reef. This is possible, because sea level m a y have risen quite rapidly leading to catchup reef growth, and this would have allowed a w i n d o w during which the basalt shore platform
could have formed (although this high energy w i n d o w must have occupied a considerable
length of time in order for the extent of erosion suggested in Figure 7.21). Catch-up reef growth
during the w a r m interglacial m a y have then resulted in the large fossil reef growing close to sea
level. The subsequent glacial period would have resulted in emergence of a large limestone reef
surrounding the basaltic island; hence a 'makatea' landscape would have existed (see N u n n ,
1994, p204). T h e fossil reef would have been above its present elevation by 35 to 40 m , but
streams draining off the basaltic island would have been capable of considerable solution of the
limestone (Stoddart et al., 1985), and marine planation of the limestone during subsequent sea
level movements would also have been rapid.

There is no other clear evidence of erosion that was contemporaneous with formation of the
relict platform at Clear Place Point. Similarly, there is little conclusive erosional evidence
corresponding to the Last Interglacial. The lack of erosional evidence is perhaps not surprising,
given that raised sea level would have resulted in m u c h of the coastline being composed of
plunging cliffs rather than shore platforms. Further, to have survived Holocene truncation, it is
likely that inherited platforms would have needed to be of considerable width. Finally, in those
locations where conditions were suitable for extensive platform formation (i.e. through the lowlying middle portion of the island), aeolianite has since veneered m u c h of the coastline, thereby
obscuring possible vestiges of former sea levels. This final point raises the question of h o w
aeolianite deposits were removed from the relict surface at Clear Place Point. Weathering
processes would have gradually denuded aeolianite deposits, but it is unlikely that all deposits
could have been removed in this way. It is possible that occasional storms during the Holocene
m a y have delivered waves that could have washed over the upper surface thereby stripping
aeolianite deposits. In this respect, one cannot rule out the possibility that aeolianite deposits
could have been removed by tsunami (e.g. Y o u n g and Bryant, 1993).

In summary, it is likely that deeper nearshore bathymetry during the Last Interglacial increased
the prevalence of plunging cliffs at Lord H o w e Island, and hindered the development of shore
platforms. In those areas that did have platforms, aeolianite deposits m a y n o w veneer the
evidence, or Holocene wave erosion m a y have truncated the surfaces. The clearest evidence of
pre-Holocene inherited platforms at Lord H o w e Island occurs at Clear Place Point. This surface
appears too high to have resulted from erosion during the Last Interglacial; it m a y have formed
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during oxygen isotope stage 9, or it m a y be older. The possibility exists that the relict platform
surface m a y mark a very w a r m interglacial during which the fossil reef also developed.

7.5.2 Holocene platform formation
Other exposed shore platforms at Lord Howe Island occur at an elevation that is an expression
of the depth of water in front of the platforms as well as the resistance of rocks within the
platforms. The fresh appearance of the platforms indicates that it is very unlikely that they
could be inherited from a prior interglacial, and the tidal range at Lord H o w e Island is only 1.6
m , which indicates that zones of erosion during the Holocene and Last Interglacial did not
overlap. These facts indicate that all shore platforms at Lord H o w e Island, aside from the upper
surface at Clear Place Point, are the product of erosion during the Holocene.

Development of calcarenite platforms

A particularly good opportunity to examine modern platform-forming processes at Lord Howe
Island is presented by calcarenite shore platforms that have been cut in aeolianite dunes which
have been mapped and dated (Brooke, 1999; Price et al., 2001). M a n y dunes were deposited
after the Last Interglacial, so inheritance is clearly not a factor w h e n deciphering those
platforms.

A comparison of calcarenite shore platforms on the exposed and reef-sheltered coastlines of
Lord H o w e Island provides an illustration of the clear control that exposure to wave energy has
on shore platform width. The broad morphology of these platforms is summarised in Figure
7.22, which indicates that exposed calcarenite platforms are almost twice the average width of
lagoonal platforms. This provides the most elementary evidence for the important role of
marine erosion in shore platform formation. However, the most prominent feature of Figure
7.22 is that exposed platforms are comparatively uniform in profile, whereas there are two
levels of calcarenite platform along the lagoonal coastline (see discussion in Chapter 3). In
m a n y localities with two platform levels, the aeolianite was deposited after the Last Interglacial.
However, Schmidt H a m m e r measurements indicate that the upper surface is considerably more
weathered than the lower surface, it is well above the level of high tide, and it is protected from
wave action by the fringing reef. These factors indicate that the surface is unlikely to have been
formed at the present sea level, and it has been suggested that the upper surface is likely to be a
relict of a Holocene sea level highstand (Woodroffe et al., 1995).
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Despite an extensive study of reef and lagoonal stratigraphy that included a large number of
radiometric dates (Kennedy, 1999), the record of Holocene sea level movement at Lord H o w e
Island is incomplete. It is likely that the sea attained its present level by about 6,000 years BP,
but the postglacial marine transgression m a y have continued to a level higher than at present
(Lambeck and Nakada, 1990). Reef-growth lagged behind the rising sea level, but the fringing
reef is believed to have reached the present sea surface between 4,500 and 5,500 years B P . Sea
level probably continued to rise, attaining a m a x i m u m elevation of 1 to 1.5 m above present. A
hiatus in lagoonal sedimentation occurred between 3,000 and 4,000 years B P (Kennedy and
Woodroffe, 2000). Since 3,000 years B P , sea level has gradually lowered to its present position.
It is difficult to ascertain the chronology of the highstand and the rate at which sea level then
fell, but there is some evidence (e.g. shells of Fragnum

unedo found in situ at Old Settlement

Beach up to 1.5 m above the modern equivalent) that indicates that the sea might have been
about 1 m above present only 900 years B P (Woodroffe et al., 1995).

Figure 7.23 proposes a model of Holocene calcarenite platform evolution along the lagoonal
coastline, assuming that the Holocene sea level highstand reached 1 m above present. The
model indicates that sea level rose to its present position 6,000 years B P before attaining a
m a x i m u m elevation of 1 m above present between 6,000 and 4,000 years B P . Erosion of
aeolianite was rapid during the rising sea level and at the sea level maxima w h e n catch-up reef
growth lagged behind sea level. This is similar to the concept of a Holocene high-energy
window described by N e u m a n n (1972), N e u m a n n and Macintyre (1985) and Hopley (1982);
that is, the period of time taken for catch-up reef growth to grow close to sea level and thereby
attenuate the energy of storm and swell waves. This high-energy window represents a time
when extensive shore platform formation is likely to have occurred along the lagoonal coastline
because wave energy was incompletely dissipated by the reef. Shore platform formation during
the rising sea level (a) probably resulted in platforms that had a greater inclination than
platforms formed during relatively stable sea level (b). This is a result both of the elevation of
platform cutting by waves and the fact that platforms formed under stable sea level are subject
to weathering whereas platforms formed under rising sea level are rapidly drowned (although
this m a y be countered to some extent by abrasion under a rising sea level).

Catch-up reef growth reached present sea level between 4,500 and 5,000 years BP, but it is
likely that upward reef growth continued toward a 1 m sea level highstand, such that a
subsequent reduction in sea level m a y have exposed some portion of the fringing coral reef.
Very little wave erosion of the shoreline is inferred for this period, as the energy of waves
would have been dissipated on the fringing reef. This is indicated by the extensive raised
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(a)
rapid shoreline
erosion

6,000
years B P

(b)

rising sea level

1 o,
m

rapid shoreline erosion
initially, but slower erosion
.^^ as reef approached
+ 1.0 m sea level

6,000 to 4,000
years B P

catch-up reef reached 0 m (present
sea level) 4,500 - 5,500 years B P

+ 1.0 m
sea level rises to 1.0 m
then begins to fall
lagoonal infill

(c)

very slow shoreline
erosion

3,000-4,000
years B P

(d)
slow shoreline
erosion
3,000 years B P
to the present

erosion of reef during falling sea level,
deposition of coral boulder ridges,
negligible shoreline erosion

fringing reef at sea level,
occasional storm wave erosion
and solution processes
truncate the upper surface

falling sea level

present sea level

0 m

Figure 7.23 - Model of Holocene calcarenite platform evolution along the lagoonal coastline:
(a) rapid shoreline erosion and platform formation w h e n the postglacial transgression
reached the present sea surface; (b) sea level continued to rise to about 1.0 m above
present resulting in elevated shore platforms; (c) catch-up reef growth, lagoonal infill and
a drop in sea level resulted in markedly reduced wave energy reaching the shoreline; (d)
in the past 3,000 years shoreline erosion has been subdued, but periodic storm wave
erosion and solution processes have truncated the upper surface giving rise to two distinct
levels along m u c h of the lagoonal coastline.
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boulder ridges that occur in the lee of the fringing reef and which date from this period
(Woodroffe et al., 1995). Hence, during this phase of the model (c), elevated shore platforms
that formed w h e n the sea was 1 m higher were above the level of wave attack, and the sea
simply lapped against sloping shore platforms that were cut during the preceding rising sea level
(though solution m a y have eroded the outer edges of platforms to some degree).

The final period of Holocene platform development (d) resulted in slow erosion of shore
platforms by a gradually falling sea level. The fringing reef remained close to the sea surface,
being occasionally trimmed by marine erosion, and this resulted in the development of large
tongues of coral gravel in the lee of the fringing reef. However, storm events have occasionally
delivered wave energy that has been sufficient to trim the shore platforms that formed during
the higher sea level. Solution processes m a y have also contributed to the erosion of the upper
surface, as solution is clearly an important process along the exposed coastline where
calcarenite platforms are undercut, and also within the lagoon where aeolianite stacks have been
notched around their perimeter. Therefore, the present shoreline morphology along the lagoonal
coastline appears to consist of supratidal shore platforms that record the m a x i m u m of Holocene
sea level between 6,000 and 4,000 years B P , and lower, contemporary platforms that have
developed in the past 3,000 years through processes such as w a v e erosion and solution.

Calcarenite platforms along the exposed east coast have been eroded to a greater extent than
lagoonal platforms because wave energy is generally higher on the eastern coastline (see section
5.3), but particularly because there has been an absence of reef growth through which
attenuation of w a v e energy occurs. The effect of a slowly falling sea level on this coastline
(after the Holocene highstand) would have been to planate and lower the platforms cut at the
higher level. This, in addition to the denudational effects of weathering processes, offers an
explanation for the fact that exposed platforms are lower, flatter and wider than sheltered
platforms (Figure 7.22).

Exposed calcarenite platforms currently have widths that range

between 60 m and 120 m . These widths probably considerably underestimate the extent of
erosion along this shoreline, as solution processes are currently undercutting the seaward edges
of these platforms (Figure 7.24). Miller and M a s o n (1994) noted that along the South African
coastline, similar solutional undercuts can extend landwards up to 4 m . They further noted that
undercutting generates cracks on the platform surface that facilitate erosion of the platform
edge. T h e seaward portion of calcarenite platforms at Lord H o w e Island is fractured in a
manner similar to that described by Miller and M a s o n (1994). While it is likely that the
platform edge is eroding, principally by the process of solution, it is difficult to assess the rate of
this erosion, particularly given that biological coating such as vermetids, algae and corals, m a y
inhibit erosion, while other species (such as echinoids) m a y exacerbate erosion.

Figure 7.24 - Seaward edge of calcarenite platform at Middle
Beach. The platform has been undercut by solution processes.

Development of basalt platforms

Dawsons Point is the most distinctive outcrop of basalt along the sheltered lagoonal coastli
and the Holocene high-energy window between 6,000 and 4,000 years B P appears to have been
of sufficient length to permit shore platform formation along this section of coast. The coastline
presently consists largely of rounded basalt boulders, but a shore platform is intermittently
exposed beneath those boulders. O n the western side of the point, the mean elevation of survey
points on the shore platform was 2.0 m above L A T , whereas the western side of the point has
shore platforms beneath talus that have a mean elevation of 1.8 m above L A T . It is difficult to
ascertain the width of these platforms, but a best estimate indicates that the western platforms
probably had a m a x i m u m width of a little under 20 m , whereas platforms on the eastern side of
the point probably had a m a x i m u m width of 15 m , but much of this side had platforms that were
less than 10 m wide.
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The inferred morphology of the shore platforms indicates that they have been eroded through
wave action. For instance, the platforms are higher and wider on the west coast which is a little
more exposed to open-ocean wave energy. However, these platforms probably formed in the
relatively short period of time during the Holocene in which sea level was higher than at
present, and w h e n wave energy was not ameliorated by the presence of afringingreef. At some
point during the Holocene, the wave energy reaching this coastline was dramatically reduced by
lowering sea level combined with the development of the fringing reef at sea level. Hence, the
erosion regime at the shoreline changed from one dominated by marine processes to one
dominated by subaerial processes.

A s a result, material that eroded from the vegetated

hillslopes of Dawsons Point could no longer be removed from shore platforms by marine
processes.

Hence, talus gradually accumulated on the platforms, and shore platform

development ceased. It is likely that occasional storms m a y cause periodic cliff retreat at
Dawsons Point, especially on the exposed western side of the point, but the bulk of wave action
is dissipated on rounding the talus that has been delivered to the coastline by subaerial erosion
of the hillslopes above the platforms.

Origin of Type B shore platforms

It is difficult to determine the profile of inherited basalt platforms at Dawsons Point, parti
given the extent of lagoonal sedimentation in the past 6,000 years (Kennedy, 1999), but exposed
basalt platforms around Lord H o w e Island have a very distinct Type B profile (Figure 2.6).
Sunamura's (1992) 'Rocky Coast Evolution Model' (Figure 2.10) indicates that Type A
platforms result from wave erosion of a uniformly sloping coastline, or a cliffed coastline where
water depth at the cliff foot is 0 m . B y contrast, Type B platforms develop w h e n the coastline is
cliffed and water depth at the cliff foot is greater than 0 m . However, at Lord H o w e Island,
Type B platforms m a y have developed in both uniformly sloping hillslopes and sub-vertical
cliffs.

The best illustration of Type B platforms cut into uniformly sloping topography at Lord Howe
Island occurs at Mutton Bird Island. Figure 7.25 (a) shows a photograph of Mutton Bird Island,
whereas Figure 7.25 (b) shows a diagram that summarises measurements taken in thefieldwith
elevation and bathymetry data. The elevation of the platform is commensurate with the
relationship between elevation and shoreline wafer depth (Figure 7.19), which indicates that
wave erosion during the current highstand has taken a 'saw-cut' out of the hillslope. However,
in order to have developed, the low-tide cliff must have eroded beneath present sea level.
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Figure 7.25 - Development of Type B shore platform at Mutton Bird Island. The width of the
shore platform is 35 m, the island has a m a x i m u m height of about 80 m, the distance from
the seaward edge of the platform to the peak of the island is about 177 m, and the distance
from the seaward edge of the platform to the extrapolated juncture between sea level and
the original island slope is about 13 m. The gradient of the hillslope is approximately 23°,
and the height of the low-tide cliff is estimated (on the basis of a nearby sounding) to be
9 m.
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Extrapolation of the original slope of the island indicates that 20 m of erosion has occurred at
the lower level, whereas the width of the shore platform is approximately 35 m (Figure 7.25 b).

The development of Type B platforms in sloping and cliffed topography is examined
conceptually in Figure 7.26. During the Last Glacial period (ti), talus accumulated at the foot of
cliffs and hillslopes, but a larger quantity of talus accumulated at the base of cliffs owing to
more rapid rates of subaerial erosion on bare cliff faces than on vegetated slopes. Hence, in the
early stages of the postglacial marine transgression fo), marine erosion rapidly removed talus
from the base of hillslopes, but talus persisted for a longer period of time at the base of cliffs.
Accordingly, hillslopes were rapidly eroded by marine processes during early stages of the
transgression (t2, t3), whereas cliffs remained relatively unaffected by w a v e erosion.

At some point during the transgression (t4), rapidly rising sea level drowned cliffs that had bee
cut into hillslopes during the early stages of sea level rise. Antecedent cliffs were also drowned
at this time. In the case of hillslopes, this period marked a major transition between rapid cliff
erosion during the early stages of the transgression and the absence of cliff erosion during latter
stages of the transgression. The model implies that cliff retreat could not occur at a rate that
parallelled the rate of sea level rise (as suggested by Sunamura, 1992), so the depth of water at
the cliff foot increased through time. A s nearshore water depths increased, the height of waves
breaking against the cliff also increased, and at some point the frequency of occurrence of
breaking waves became low enough to prevent cliff retreat (because waves need to cause
continued erosion at a single level in order for cliff collapse and retreat, but rising sea level
continually raises the level of w a v e attack). From this point, cliff erosion could not occur until
the transgression terminated.

The postglacial marine transgression terminated around 6,000 years BP, and sea level
movements thereafter have been comparatively subdued (Kennedy and Woodroffe, 2000).
Hence, since about 6,000 years B P (stages t5 and t6), wave erosion has focussed on a narrow
zone of rock in the cliff face, and this has probably permitted the development of notches and
then shore platforms. The purpose of this model has been to demonstrate that it is theoretically
possible for Type B platform profiles to develop in both originally cliffed and sloping
topography. It should be noted, however, that while Mutton Bird Island m a y have been eroded
to its current form during the Holocene, it is also possible that the cliffing could have occurred
during a lower sea level prior to the Holocene, perhaps during interstadials 5a and 5c.
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Figure 7.26 - Conceptual model of the development of Type B shore platforms in sloping and cliffed
terrain: (tj) talus accumulated at the foot of slopes during the Last Glacial, but a larger quantity
accumulated at the base of cliffs owing to more effective subaerial erosion of steep, unvegetated
slopes; (t2, t3) small talus slopes were quickly removed from the base of hillslopes in the early
stages of the postglacial transgression, but talus persisted for longer at the base of cliffs; hence,
waves cliffed hillslopes during this period, but cliffs were relatively unaffected by marine erosion;
(t4) at s o m e point the rate of sea level rise outpaced the rate of wave erosion and cliff retreat ceased;
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Low-tide cliff retreat

O n e of the most debated questions in the shore platform literature concerns whether or not the
low-tide cliff of Type B shore platforms retreats. It has been suggested that low-tide cliffs do
erode, and that shore platform width is a result of the difference between the rate of erosion of
the low-tide cliff and the cliff-platform junction (e.g. Edwards, 1941, 1951). It has further been
suggested that erosion m a y become equal along all portions of a platform surface thereby
resulting in a state of dynamic platform equilibrium with platforms undergoing parallel retreat
(Trenhaile, 1987). The second major view of Type B platform formation is that low-tide cliffs
do not erode owing to the exponential reduction of wave energy beneath sea level. This view
promotes a static equilibrium concept of shore platform development (Sunamura, 1992).

Sections of low-tide cliffs that front shore platforms along the North Ridge cliffs and Admira
Islands were inspected using scuba. The low-tide cliffs are essentially vertical and there is a
very distinct break between the low-tide cliff and the seabed (Figure 7.27). There is a good
cover of coralline algae, some fleshy algae on the low-tide cliffs, and a number of isolated
corals (D. Kennedy, 2001, personal communication). M c K e n n a (1990) noted that the low-tide
cliff of a basalt shore platform at Seapark, Northern Ireland is rough and matted with algae a
short distance above the seabed. Biota cover has sometimes been taken as an indication that
low-tide cliffs are relatively stable and subject to little erosion (Sebens, 1985), but M c K e n n a
(1990) pointed out that stability of the substrate for only a few weeks would result in noticeable
algal growth. Likewise, at Lord H o w e Island it is probable that algal growth could occur in
short periods of time. A good example of this is that rock pools on shore platforms support
isolated corals and a good cover of coralline algae, but these pools are presumably subject to
m u c h more intense wave action than are low-tide cliffs.

Figure 7.27 - Low-tide cliff of a shore platform that occurs
along the North Ridge cliffs. Water depth is about 10 m and
the s e a b e d is c o m p o s e d almost entirely of sand; there are
very f e w basalt clasts (photograph - D. K e n n e d y ) .

A prominent feature of the low-tide cliff at Seapark, Northern Ireland, is that there is a
developed notch at the base of the low-tide cliff, and there are also a number of smooth,
abraded, sloping bedrock ledges. From submarine video footage and the observations of divers,
M c K e n n a (1990) noted that there are also large quantities of fresh, well-rounded basalt clasts on
the seabed, and together with sand grains, he thought that the bedrock ledges were probably
formed in situ by submarine abrasive processes. Sunamura (1992) has argued, however, that
even if sand is available as an abrasive tool, notch-forming processes do not occur at depth
owing to the exponential decay of wave energy beneath sea level. H e concluded that subtidal
notches on low-tide cliffs can be ascribed to ancient undercutting when sea level was lower than
present. M c K e n n a (1990) considered this possibility, but he noted that the appearance of
submarine ledges is quite different to that of subaerial ledges, which are largely the product of
quarrying rather than abrasion.
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Reffell (1978) noted that water depth in front of Type B platforms near Sydney, Australia,
increases from embayments to headlands with increasing exposure to wave attack. Reffell
(1978) thought that the greater water depth off headlands might be due to increased abrasion
under the present sea level owing to increased wave energy.

Sunamura (1992) cautioned,

however, that the spatial variation in wafer depth might be due to the level at which the cliffs
were eroded prior to being drowned by the postglacial transgression. Sanders (1968a) stated
that there was little evidence to suggest that sea-floor abrasion occurs in front of platforms in
Tasmania, but a number of researchers have shown that submarine abrasion by sand can occur
to depths of 10 m (e.g. Dietz and Menard, 1951; Bradley, 1958; Dietz, 1963), and Seymour
(1989) described extensive offshore fracturing of bedrock and rearrangement of clasts at depths
of c. 20 m , during an exceptionally severe storm off California. M c K e n n a (1990) concluded
that most work on submarine abrasion is concerned with mobilisation of sand-sized sediments
and has little relevance to the sediments of a shore platform environment.

A notch with a maximum indentation of 0.5 m has developed at the foot of some low-tide cliffs
at Lord H o w e Island. Water depths and lithology are similar at Seapark and at Lord H o w e
Island, which indicates the possibility that the notch m a y be a product of abrasion at present sea
level. There is an abundance of carbonate sand and gravel at the foot of the low-tide cliff
adjacent to the notch, but basalt clasts are relatively rare (D. Kennedy, 2001, personal
communication). If the sub-tidal notch at Lord H o w e Island is the product of contemporary
abrasion, it is probable that the notch would exist at the base of most low-tide cliffs. However,
the notch is absent from m a n y locations, including within the Roach Island arch where
submarine abrasion processes presumably operate with m a x i m u m efficacy.

A possible

explanation for submarine erosion of low-tide cliffs at Seapark but not at Lord H o w e Island m a y
relate to the role of basalt clasts (which are clearly absent in Figure 7.27).

If low-tide cliffs do retreat through the process of submarine abrasion, it is apparent that t
of retreat must be substantially lower than the rate of subaerial cliff retreat. The m a x i m u m
possible extent of low-tide cliff erosion at Mutton Bird Island is 13 m (Figure 7.26). If 13 m of
low-tide cliff erosion had occurred at current sea level, submarine erosion would be 2.7 times
slower than subaerial cliff retreat. However, the model of Type B platform development
proposed in Figure 7.26 indicates that m u c h of the low-tide cliff retreat would have occurred
during the postglacial transgression (and it is possible that cliff retreat occurred prior to the
Holocene). This estimate provides afirstorder constraint on possible rates of low-tide cliff
retreat at the current sea level. The ratio of low-tide cliff retreat to subaerial cliff retreat ranges
from negligible erosion, to an improbable 1 m for every 2.7 m of subaerial cliff retreat.
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In summary, most shore platforms at Lord H o w e Island occur at an elevation that suggests an
origin within the Holocene. Certainly m a n y calcarenite platforms, which have been cut in
aeolianite dunes that were deposited after the Last Interglacial, can only have been eroded
within the Holocene. Hence, the fact that exposed calcarenite platforms are about twice the
average width of sheltered platforms provides a clear illustration of the important role that wave
erosion has in shore platform formation. The importance of wave-exposure is further illustrated
by the stepped profile of calcarenite platforms on the sheltered coastline, as this profile is the
result of differential exposure to waves caused by sea level movements and catch-up reef
growth during the Holocene. A contrast between exposed and sheltered basalt platforms also
provides clear evidence as to the importance of wave erosion. For instance, fringing reef
restricts the energy of waves reaching the sheltered coastline, such that basalt shore platforms
are veneered by talus. B y contrast, exposed platforms are free of talus and their morphology
indicates active erosion. The Type B profile that characterises exposed platforms at Lord H o w e
could have evolved in both sloping and cliffed terrain. It appears that the low-tide cliffs of
calcarenite platforms are currently eroding whereas the low-tide cliffs of basalt platforms are
probably stable.

The arguments presented within this and previous chapters have important implications for
understanding the gross geometry of shore platforms.

The final chapter synthesises the

evidence that has been presented to date, and concludes with an assessment of the broad
geometry of cliffs and shore platforms around Lord H o w e Island. In providing this synthesis, a
basis is set for the presentation of models that help to explain the evolution of Type B shore
platforms in a microtidal setting.
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8, Synthesis and conclusions
8.1 Objectives, context, methods
The objective of this thesis has been to describe and interpret the diverse rock coast
geomorphology of Lord H o w e Island, and to c o m m e n t on the long-term history of processes
that have reduced the island to the vestige of a m u c h larger volcano. The islands' unique
environmental and geological setting has been of considerable benefit to this research.

The hotspot volcanism that formed Lord Howe Island occurred south of its present position in
cooler waters. Since this time, the island has slowly drifted north into warmer seas, and the
island n o w lies at the southern limit to coral reef growth. However, for most of the last 6 M a
(since volcanism ceased), Lord H o w e Island has been outside of reef-forming seas, and the
volcano has experienced considerable planation by marine processes; this is indicated by the
broad, near-horizontal shelf that surrounds the island. At some point during the past few million
years, a period of considerable climatic amelioration permitted the growth of a substantial reef
that nearly encircled the island. This fossil reef, which n o w lies in a water depth of about 30 m ,
places important constraints on the history of marine planation and the development of the
landforms that are currently observed around the coastline.

At present, coral reef growth is restricted at Lord Howe Island, and a Holocene fringing reef h
developed on only the western side of the island. A s a result, one side of the island is sheltered
from wave attack whereas the other side is exposed to waves of unlimited fetch. This contrast
provides for a clear assessment of the extent to which waves exert a control on the development
of rock coast landforms. The value of this assessment is enhanced by the fact that shore
platforms have developed in aeolianite along the exposed and sheltered coastlines, because the
time of deposition of different aeolianite outcrops is k n o w n (Brooke, 1999; Price et al., 2001).
Hence, the development of landforms in aeolianite can be examined without the potential
difficulty that is often imposed by inherited morphology. Moreover, aeolianite outcrops occur
adjacent to basalt outcrops on both the exposed and sheltered coastlines, such that comparisons
can be drawn between erosion of basalt and aeolianite along coastlines that are similar with
respect to wave exposure, and contrasts can be drawn between similar lithologies on the
exposed and sheltered coastlines. This presents an excellent opportunity to examine the role of
wave processes and rock resistance in rock coast evolution.
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The variation between rock resistance and wave power on the exposed and sheltered coastlines
is manifest in the coastal landforms on either side of the island, but differences in coastal
landforms also result from localised variability in factors such as nearshore water depth, wave
climate, and outcrops of different basalt lithologies, such as tuffs, breccias, lavas and dykes/sills.

The methods used at Lord Howe Island included an assessment of rock resistance using Schmidt
H a m m e r testing of rock hardness and measurements of joint density. The islands' wave climate
was assessed using wave data collected between 1960 and 1988, as well as nearshore and shelf
bathymetry data collected during the course of fieldwork and provided on license by the Royal
Australian Navy. Coastal landforms were mapped in three-dimensional GIS, using vertical
aerial photographs and oblique photographs, video reconnaissance, and field observations.
Platform profiles were surveyed in the field and some platform widths were measured from
aerial photographs. The morphology of the shelf was interpolated (using ArcView, Spatial
Analyst) from bathymetric data that was merged from a number of sources. Sea level history is
based on data from the H u o n Peninsula (Chappell, 1987; Chappell et al., 1996; Y o k o y a m a et al.,
2001a, 2001b) and the Wanganui Basin (Pillans et al., 1998), as well as evidence from Lord
H o w e Island (Woodroffe et al., 1995; Brooke, 1999; Kennedy, 1999).

8.2 History of planation, and the development of
talus slopes and plunging cliffs
Lord Howe Island is the eroded remnant of a much larger shield volcano. The island has
gradually been reduced in height, but erosion has occurred principally through processes of
coastal retreat. Subaerial dissection of the volcano would have been rapid initially, as is
apparent on young volcanic islands such as Tahiti and Rarotonga (e.g. Nunn, 1994), and large
stream catchments would have developed when the island was m u c h larger than at present.
Hence, it is likely that processes such as headward erosion by streams would have facilitated
marine erosion at the coastline. However, most of the lateral erosion of Lord H o w e Island is
probably directly attributable to the development and retreat of sea cliffs. The retreat of sea
cliffs is assisted by subaerial processes, but published rates of basalt scarp retreat caused solely
by subaerial erosion suggest that marine processes have been dominant at Lord H o w e Island.

Marine cliffing of the shoreline is likely to have been rapid initially owing to low cliffs a
nearshore bathymetry that preserved wave energy. Rates of cliffing decreased through time,
however, because coastal retreat was accompanied by the development of a planated shelf over
which w a v e energy was increasingly attenuated. Moreover, cliff heights increased as waves cut

further into the flanks of the volcano, such that the amount of talus that accumulated at the base
of cliffs gradually increased, and the length of time required to remove that talus and resume
cliff cutting also increased.

Under stable conditions of the land and sea, it has been suggested that the maximum width of
shore platforms and the m a x i m u m extent of cliff retreat is about 500 m (Bradley, 1958;
Flemming, 1965). Given enough time, the seaward edges of shore platforms must erode, and
this would enable renewed erosion at the cliff-platform junction; hence, continued cliff retreat is
possible w h e n the sea and the land remain at the same level, but this process would be very
slow. However, eustatic sea level fluctuations have intermittently changed the level of wave
attack, and this has provided for continued and rapid cliffing at Lord H o w e Island.

Lord Howe Island appears to have been relatively tectonically stable. Therefore, given that
erosion/planation of the coastline has occurred through changing relative positions of the land
and sea, it follows that the average depth of the planated shelf (c. 50 m ) should be a product of
the integrated level of marine erosion over time. However, sea level has been at or off the edge
of the planated shelf for about 50 % of the past 1.2 M a , but the steep flanks of the volcano
seaward of the shelf-break show less evidence of erosion than might be expected in this period
of time. This raises the possibility that m u c h of the planation of Lord H o w e Island m a y have
occurred relatively early in its post-eruptive history w h e n the average level of the sea was, on
average, higher than it has been over the past 1 M a .

A further clue as to the history of planation is that the fossil reef must have developed on a
surface that was already planated.

Efforts to date material obtained from the reef were

unsuccessful, but it is very unlikely that the sizeable structure could have developed within the
Quaternary, and at a minimum, the fossil reef appears to be older than oxygen isotope substage
5e. The fossil reef could have formed during a number of w a r m interglacials, but it could even
be Tertiary in age (Kennedy et al., in press). Regardless, the period in which the fossil reef
formed appears to record a substantially warmer phase than at present, because Lord H o w e
Island currently exists at the southern limit to coral growth, and the island is gradually moving
north into warmer seas.

The majority of the massive cliffs that occur along much of the coastline of Lord Howe Island
must have been eroded prior to the construction of the fossil reef. The reason for this is that
m a n y cliffs n o w plunge into deep water such that wave energy is reflected off the cliff face: the
cliffs do not erode by marine processes under present conditions. However, while breaking and
broken waves could have attacked the foot of the cliffs at lower sea levels, the fossil reef would

have attenuated m u c h of the w a v e energy reaching the shoreline. Therefore, these cliffs must
have been cut prior to fossil reef establishment.

Further evidence as to the antiquity of sea cliffs at Lord Howe Island is provided by an analysis
of the development of talus slopes. Sea cliffs erode as a result of subaerial processes regardless
of the level of the sea, but talus accumulates at the foot of cliffs during glacial periods of lower
sea level w h e n talus cannot be rapidly cleared from the cliff foot. O n the basis of published
rates of basalt scarp retreat due to subaerial erosion processes, it appears that 4 of the 6 talus
slopes at Lord H o w e Island accumulated wholly within the Last Glacial. B y contrast, The Big
Slope seems too large to have accumulated solely within that period, and this is supported by
Brooke's (1999) conclusion that an aeolianite outcrop on the talus w a s probably deposited
during stage 5. Hence, the T h e Big Slope probably accumulated in or prior to the Penultimate
Glacial. The talus w a s then trimmed by marine erosion during the Last Interglacial highstand,
before being veneered by carbonate sand dunes and further basaltic talus; marine processes at
the current highstand have trimmed the slope to its present size.

In Chapter 2 (Figure 2.4), sea cliffs were referred to as active, inactive, former, or reactivate
Emery and K u h n (1982) defined active cliffs as cliffs that consist of bedrock exposed by their
continuous retreat under the influence of marine and subaerial erosion processes, whereas
inactive cliffs are those that are mantled by a cover of talus at their base, such that they can only
be eroded by subaerial processes. Lord H o w e Island contains active cliffs, which are fronted by
shore platforms, and inactive cliffs that have talus at their base. It is difficult to place plunging
cliffs within this classification, however, because their profile is indicative of active cliffs, yet
they are currently resistant to marine erosion. A classification of sea cliffs at Lord H o w e Island
is dependent on time. For instance, cliffs fronted by shore platforms are actively eroding,
whereas cliffs that are mantled by talus, or which plunge into the sea, are currently inactive with
respect to marine erosion. However, rock resistance is gradually degraded by weathering, such
that plunging cliffs m a y m o v e from inactive to active, and talus m a y be cleared from the cliff
foot such that they too m a y m o v e from inactive to active.

At Lord Howe Island, shore platforms do not occur where cliff heights exceed 200 m. Cliffs
greater than this height are either plunging or have cliff-foot talus; this indicates that cliffs
greater than 200 m

height have not retreated by marine processes during the Holocene

highstand. T h e reason for this is that high cliffs have large source areas from which subaerial
erosion can deposit considerable quantities of talus to the cliff foot. During the Last Glacial
period of low sea level, talus eroded from the cliff face accumulated into talus slopes. The
survival of the talus slopes through the Holocene depended on the balance between the amount
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of material removed by marine erosion and the amount of material contributed by subaerial
erosion. At Lord H o w e Island, the talus source area required to amass and sustain talus slopes
to the present-day is approximately 15,000 m 2 .

In areas of coastline that have source areas of less than 15,000 m2, Holocene wave erosion has
entirely removed talus slopes; these coastlines n o w have shore platforms or plunging cliffs. It is
possible to demarcate between plunging cliffs and shore platforms by quantifying the resistance
of rocks and the force of waves along a stretch of coastline (Tsujimoto, 1987). Nearshore water
depth w a s used as a proxy for wave force at Lord H o w e Island, as water depth controls the
largest height of the wave that breaks on the coastline; rock resistance was expressed through
the joint and Schmidt H a m m e r classification described in Chapter 5. The resulting diagram
(Figure 7.14) provides support for the postulate that wave force and rock resistance demarcate
whether or not erosion occurs, and therefore the existence of shore platforms or plunging cliffs.
In this context, it is apparent that gradual reduction of rock strength by weathering processes
m a y sometimes be a prerequisite for shore platform development.

A notable aspect of Figure 7.14 is that a threshold water depth occurs that precludes breaking
waves. At this water depth, plunging cliffs exist at the coastline irrespective of rock resistance.
Cotton (1951, 1952, 1967, 1969a) hypothesised that plunging cliffs formed during glacial
periods w h e n lower sea levels truncated the shelves in front of cliffs. H e suggested that rapidly
rising postglacial sea levels then flooded these cliffs resulting in the plunging condition. The
data from Lord H o w e Island provides support for Cotton's theory.

In summary, where cliff heights exceed 200 m at Lord Howe Island, cliffs have not eroded by
marine processes during the Holocene. If these high cliffs have source areas in excess of 15,000
m 2 , talus slopes exist at the cliff foot. Talus must be removed from the base of these cliffs for
marine erosion to occur. Cliffs of greater than 200 m height but with source areas of less than
15,000 m 2 are plunging, but plunging cliffs can also exist where lower cliffs plunge into deep
water or are composed of very resistant rocks. Plunging cliffs will eventually erode by marine
processes if weathering processes reduce rock resistance, or if a reduction in nearshore
bathymetry allows breaking waves to attack the cliff foot. This is clearly a product of time, as
rock resistance gradually decreases through weathering processes. The nature of talus slopes is
also very m u c h dependent on time, because production of talus occurs regardless of sea level,
whereas accumulation of talus has mainly occurred w h e n sea level has been lower than at
present. Furthermore, the evidence indicates that all talus slopes at Lord H o w e Island (except
perhaps the reef-sheltered talus) have diminished in size during the Holocene. Hence, sea cliff
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morphology around Lord H o w e Island represents the net outcome over time, of the varied
action of marine and subaerial erosion processes.

8.3 Holocene erosion
Contemporary rock coast landforms at Lord Howe Island include shore platforms as well as a
suite of relatively small-scale erosional landforms such as sea caves, blowholes, arches, gulches
and stacks. These small-scale landforms provide a clear insight into the nature of processes that
are actively eroding the rock coastline.

In most instances, differential wave erosion of

geological weaknesses is important, with wave quarrying of highly jointed dykes accounting for
most of the small-scale erosional landforms around the island. Shore platform microtopography
also provides clear evidence as to the importance of differential wave erosion. This can be
observed, for instance, where platform profiles are stepped because of very resistant sills, and
also at rock pools within shore platforms that have eroded into low-resistance breccia, and have
their lateral boundaries controlled by resistant outcrops of basalt and dykes.

The development of small-scale erosional landforms and shore platform microtopography may
be clear-cut, but the broad geometry of shore platforms (their width, gradient and elevation) is
generally considered to be a complex expression of m a n y factors (Trenhaile, 1987). In this
context, the ability to discern the imprint of former sea levels is very important, for inheritance
is probably a key factor contributing to some of the ambiguities between form and process that
are well documented in the shore platform literature.

The small tidal range at Lord Howe Island (c. 1.6 m spring tidal range) implies that the level o
wave erosion during the Last Interglacial (2 to 4 m above present) would have been above the
level of w a v e attack during the Holocene. Moreover, the height of Last Interglacial platforms
m a y have been increased by deeper nearshore bathymetry. However, there is no clear evidence
of Last Interglacial platforms at Lord H o w e Island. The reconstruction in Figure 7.20 indicates
that m u c h of the coastline was not conducive to platform formation at this time owing to deeper
nearshore bathymetry. Platforms probably did develop in the low-lying middle portion of the
island, but aeolianite m a y veneer these surfaces. There is clear evidence of ancient platform
cutting at Clear Place Point, but the elevation of this platform seems too high to be associated
with the Last Interglacial. This platform probably developed during a very w a r m interglacial
corresponding to oxygen isotope stage 9 or prior to that, and it is possible that the relict surface
m a y be coeval with the fossil reef.
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Most shore platforms at Lord H o w e Island have a morphology that indicates that they were
formed within the Holocene. A modern origin for calcarenite platforms is indisputable, as m a n y
calcarenite platforms have eroded in aeolianite units that were deposited after the Last
Interglacial (Brooke, 1999; Price et al., 2001). The aeolianite outcrops into which calcarenite
platforms have been cut are similar with respect to rock resistance, exposure to weathering, and
antecedent topography (i.e., cliff height). In this respect, clear evidence for the important role of
wave erosion in shore platform development is provided by the fact that Holocene-eroded
calcarenite platforms on the exposed coastline are about twice the average width of calcarenite
platforms that have developed during the same period on the lagoonal coastline that is protected
from wave erosion by thefringingcoral reef. Therefore, it can be concluded that wave erosion
exerts a fundamental control not only on the development of small-scale erosional landforms
and shore platform microtopography, but also on the broader geometry of shore platforms.

There are two distinct levels of calcarenite shore platform on the lagoonal coastline. Woodroff
et al. (1995) hypothesised that the surfaces have been eroded during the Holocene, and this has
been confirmed through radiometric dating that showed that both levels have eroded in
aeolianite that was deposited after the Last Interglacial (Brooke, 1999; Price et al., 2001). In a
model of calcarenite platform development on the lagoonal coastline (Figure 7.23), this thesis
hypothesised that the upper surface is a product of wave erosion during a Holocene high energy
window w h e n sea level reached perhaps 1 m higher than present. B y contrast, the lower surface
is interpreted to be the product of occasional wave erosion and solution processes during a
period of falling sea level, or at the present sea level, in which the Holocene fringing reef has
dissipated the energy of waves reaching the shoreline.

The Holocene high-energy window appears also to have resulted in the development of shore
platforms in basalt along the lagoonal coastline (i.e. Dawsons Point). However, catch-up reef
growth has reduced the power of waves to the extent that erosion processes can no longer
remove the talus that accumulates on these platforms (the talus is derived from subaerial erosion
of the hillslopes above the platforms).

Accordingly, basalt platforms along the lagoonal

coastline n o w have a veneer of talus. This provides a further clear indication of the importance
of w a v e erosion in shore platform development; that is, lagoonal basalt platforms are relatively
narrow, covered by talus, and generally have low sea cliffs, whereas nearby exposed basalt
platforms are wider, free from talus, and have m u c h steeper cliffs (see Figure 4.14).

A Holocene origin for most basalt shore platforms at Lord Howe Island is indicated by factors
such as the absence of Pleistocene sediments on platforms, morphological evidence of active
w a v e quarrying, and relationships throughout the shoreline between platform geometry and
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elements that influence the effectiveness of wave erosion (e.g. platform width versus wave
exposure, elevation versus nearshore water depth, width versus cliff height). The correlations
between platform geometry and other factors are drawn from the data summarised in Appendix
D; measurements of platform width are summarised in Figure 8.1.

At Lord Howe Island there is a strong positive correlation between platform elevation and
nearshore water depth (Figure 7.19). This relationship corroborates the laboratory experiments
conducted by Sunamura (1991) in which he found that higher platforms are associated with
harder rocks and deeper water in front of the platforms (in this respect, it is notable that m u c h of
the variation observed in Figure 7.19 is due to differing rock resistance). The finding has
intuitive appeal because deeper water and more resistant rocks require larger waves to cause
erosion, and larger waves attack at a higher elevation. This relationship indicates that m a n y
Type B shore platforms at Lord H o w e Island are probably initiated by breaking waves.

The relationship between the elevation of shore platforms and nearshore water depth and rock
resistance, indicates that these factors should be given consideration w h e n researchers attempt
to draw correlations between elevated shore platforms and prior stands of sea level. For
instance, at Lord H o w e Island, Holocene platforms have elevations that range from close to low
tide level to about 7 m above M S L (a range of c. 8 m ) .

On cliffs that are similar with respect to lithology and exposure to erosion processes, it is
apparent that erosion of higher cliffs will result in larger accumulations of talus at the cliff foot.
If shore platforms are predominantly the product of wave erosion, a negative correlation
between cliff height and platform width should be observed, because cliff cutting by waves
cannot proceed w h e n the cliff face is covered by talus. A number of studies have documented a
negative relationship between cliff height and platform width (e.g. Edwards, 1941, 1958;
Trenhaile, 1999), but other studies have found that a relationship does not exist, and M c K e n n a
(1990) even noted a positive relationship at basalt cliffs in Northern Ireland. A number of
factors m a y obscure relationships between cliff height and platform width, but inheritance of
platform morphology from previous sea level highstands is probably of particular importance.

A negative correlation between cliff height and shore platform width is apparent at Lord Howe
Island. Figure 7.2 (a) shows a plot of cliff height against platform width for sections of
coastline that are not protected by coral reef. It is apparent that varied exposure to wave energy
influences platform width along the exposed coastline, as platform widths at the exposed
headlands of Malabar Point (i) and Fishy Point (ii) are greater than that indicated by the general
trend of the data. Variation within the plot also results from differential rock resistance, and
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Figure 8.1 -Width and location of modern and relict shore platforms.

calcarenite platforms impose particular variation owing to the fact that the seaward edges of
these platforms are currently eroding. There is difficulty placing a trendline through the data, as
the number of observations of cliff heights is skewed, but in Figure 7.2 (b) the m a x i m u m width
of shore platforms occurring in grouped categories of cliff height is plotted. The outliers from
exposed points are omitted from the calculation, as are observations from calcarenite platforms.
The trendline through the data has an r2 value of 0.42, which indicates that there is a negative
correlation between cliff height and platform width at Lord H o w e Island. This relationship
provides further support for the postulate that shore platforms at Lord H o w e Island are strongly
influenced by w a v e erosion.

The important role that wave erosion has in platform development at Lord Howe Island is
further demonstrated by the fact that m a n y offshore islands have platform widths that increase
with degree of exposure (e.g. Soldiers Cap, Sail Rock, G o w e r Island).
protruding headlands on the mainland

Moreover, m a n y

have exaggerated platform widths owing to

disproportionate exposure to wave action (e.g. Fishy Point, Malabar Point). However, some
sectors of coastline have wide shore platforms despite being relatively sheltered (e.g. northern
side of Stevens Point, southern side of North Rock), and some exposed sites have narrow shore
platforms (e.g. eastern side of Mutton Bird Island, western side of North Head). In these
instances localised variations in rock resistance exert a fundamental control on platform
morphology. For instance, the sheltered northern side of Stevens Point has a wider shore
platform (35 to 45 m ) than the adjacent exposed point (20 to 30 m ) because the sheltered side of
the point is composed predominantly of low-resistance tuff, whereas the exposed headland is
composed of resistant dykes and basalt lavas. A n additional example occurs at Blinky Point,
where a highly resistant dyke has intruded the shore platform parallel to the cliff face, such that
erosion of the cliff face has been very slow and a narrow platform has resulted. This example is
pertinent in that basalt and breccia at Blinky Point are of low resistance when compared with
other areas of North Ridge Basalt (see section 5.2.5). Clear Place Point has more resistant
basalt and breccia than that tested at Blinky Point, but the lack of a highly resistant dyke at this
locality has permitted the development of a wide and topographically uniform shore platform.

In summary, the important role of wave erosion in shore platform development is very clear at
Lord H o w e Island. In most instances, relationships exist between platform morphology and
aspects of the process environment that influence the efficacy of wave attack (e.g. nearshore
water depth, cliff height, wave exposure). Where relationships are ambiguous with respect to
wave attack, localised variations in rock resistance are very often responsible. In numerous
instances, researchers have reported difficulties matching platform morphology with parameters
of w a v e erosion, and this has encouraged hypotheses that Type B platforms m a y result from the

operation of weathering processes rather than w a v e attack (e.g. Bird, 2000). However, it is
possible that inheritance of shore platform morphology from former sea levels m a y have
complicated interpretation of some shore platforms (Trenhaile, 2001c).

8.4 Models of Type B platform development on a
microtidal coast

In the past 6,000 years, during which sea level has been relatively stable, wave erosion at Lord
H o w e Island has focussed on a relatively narrow zone of rock owing to the small tidal range at
the island. This has resulted in the development of shore platforms with a low gradient and a
steep low-tide cliff. There has been considerable debate regarding whether the low-tide cliff of
shore platforms retreats, and this is partially responsible for divergent models of platform
development.

Sunamura (1992) argued that low-tide cliffs do not retreat, such that shore

platforms must attain static equilibrium. B y contrast, Trenhaile (1983, 1987) suggested that
shore platforms attain a dynamic equilibrium in which platform width is a reflection of the
balance between the rate of erosion of the seaward edges of platforms and the rate of erosion of
cliffs that occur at the back of shore platforms. In recent mathematical models, Trenhaile (2000,
2001b, 2001c) indicated that platforms m a y attain a temporary, though long-lasting state of
dynamic equilibrium, but that over m a n y glacial-interglacial cycles, platforms eventually attain
static equilibrium.

Models of platform development are very much time-dependent. For instance, Sunamura
(1992) and m a n y others have noted Type B platforms that have low-tide cliffs that appear not to
have retreated over the Holocene. However, if the present stillstand were to continue for an
indefinite period, the submarine portions of low-tide cliffs must gradually erode by processes
such as abrasion and biological erosion, while portions of low-tide cliffs close to and above sea
level must gradually erode by processes such as weathering, the impact of waves, and the
backwash of water from waves that impinge on platforms. Hence, while most Type B platforms
probably tend toward a state of static equilibrium over the short term, after reaching that
equilibrium, erosion of low-tide cliffs will eventually result in renewed erosion at cliff-platform
junctions. This progression is dependent on factors such as rock resistance and the efficacy of
different erosion processes, but the key parameter is time.

Examples from Lord Howe Island indicate that exposed platforms probably attain static
equilibrium before progressing into a state of dynamic equilibrium. This concept is expressed
schematically in Figure 8.2, which indicates a time series in which a plunging cliff (t,) is eroded
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Figure 8.2 -Time series showing progression from plunging cliffs (t,) to shore platforms
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into a shore platform (t2) w h e n the assailing force of waves exceeds the resistance of rocks.
This first stage m a y take a considerable period of time, but weathering processes eventually
degrade rock strength to the point at which erosion occurs, and the product of erosion is a shore
platform unless cliffs are very high, in which case talus slopes m a y result. During the second
phase of development, platforms widen as they tend toward a state of static equilibrium (t3, t4,
t5). T h e rate of erosion decreases through time as w a v e energy is progressively dissipated over
broadening platforms. In this context, it is clear that weathering processes assume an increasing
importance over time, as reduced w a v e energy can only erode rocks of reduced resistance.
Static equilibrium is reached at the point where w a v e energy can no longer erode rocks at the
cliff-platform junction (t5). Weathering processes continue to reduce the resistance of rocks in
the cliff face, but at this stage, erosion of the cliff face is dependent on the reduction of platform
width. Reduction of platform width is eventually achieved through erosion of the low-tide cliff,
and at this point, platform development progresses from a state of static equilibrium to a state of
dynamic equilibrium (t6). F r o m this point onward, cliff retreat is a slow and incremental
process in which erosion of the cliff face is dependent on prior reduction of platform width by
retreat of the low tide cliff (t7).

Basalt and calcarenite platforms at Lord Howe Island offer contrasting examples that are
consistent with this model of platform formation. There is little evidence to indicate that the
low-tide cliffs of basalt platforms are currently eroding; sub-tidal notches are present at the foot
of some low-tide cliffs, but they are not present in the Roach Island arch where currents and
abrasion processes are probably strongest. It is likely that Type B basalt platforms are still
progressing toward a state of static equilibrium (t2 to t5). B y contrast, calcarenite platforms m a y
be currently evolving in dynamic equilibrium. Aeolianite at Lord H o w e Island differs from the
resistant reef limestones that occur at m a n y tropical sites (e.g. Pirazzoli, 1986), in that aeolianite
at Lord H o w e Island is generally not sufficiently resistant for notches to be preserved at the
cliff-platform junction (although more consolidated mid-Pleistocene units are sometimes
notched). However, it is clear that periodic storms and large swells do result in erosion of
aeolianite cliffs at the back of shore platforms (particularly w h e n combined with high tides).
Furthermore, in contrast to basalt platforms, it is also clear that solution processes (and perhaps
biological erosion) are currently undercutting and eroding the seaward edges of calcarenite
platforms (see Figure 7.27). Notching and undercutting of calcarenite low-tide cliffs would
have begun as soon as the truncated aeolianite had been compacted into a sufficiently resistant
surface; hence, the period between t, and t4 m a y have been quite brief. However, as the model
indicates, initially (t2, t3) calcarenite platforms would have eroded m u c h more rapidly at the
cliff-platform junction, because less attenuation of w a v e energy occurred across narrower
platforms. At present, however, calcarenite platforms m a y well be eroding at similar rates at
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their seaward and landward edges (t6, t7); that is, in a state of dynamic equilibrium. This is
indicated in the results of multiple surveyed profiles between Neds Beach and Middle Beach
that showed a range of platform widths between 60 m and 120 m . These profiles indicate that
calcarenite platforms m a y have a dynamic equilibrium width that oscillates between 60 m and
120 m .

Review of the scientific literature together with assessment of shore platform morphology at
Lord H o w e Island implies that the development of Type B platforms in microtidal settings m a y
be viewed through four general stages. These stages are demonstrated schematically in Figure
8.3.

1. In the first stage, waves erode a flat-bottomed notch in the cliff face that deepens through
time (t2, t3). The cliff above the notch eventually collapses, the resultant talus is removed
(U), and the notch floor is exposed as an incipient shore platform (t5). The incipient
platform is probably flat in m a n y instances, but local variations in rock resistance and
nearshore water depth produce narrow incipient platforms with a range of elevations and
gradients. This incipient stage of platform formation has been demonstrated in wave-tank
experiments that showed that notching occurs w h e n the resistance of rocks is exceeded by
the erosive force of waves

(Sunamura, 1975, 1976, 1977, 1982, 1991, 1992, 1994;

Tsujimoto and Sunamura, 1984). In this context, weathering m a y or m a y not be required to
reduce the resistance of rocks below a certain threshold.

2. In the second stage, cliffs retreat and shore platforms widen through wave erosion
processes, but the rate of wave erosion decreases through time as platforms become wider
and flatter (t5, U, t7) (e.g. Sunamura, 1992; Figure 2.10). Simultaneous with decreasing
wave energy is a gradual increase of the efficacy of subaerial weathering processes. It is
apparent that feeble waves can only erode cliffs when weathering processes have caused
considerable reduction in rock strength, but it is also clear that as shore platforms widen
they become increasingly exposed to subaerial processes simply because they are
submerged by waves and tides for a smaller proportion of the time.

3. Shore platforms are generally very wide and flat in the third stage of platform formation (t
ts); most wave energy is dissipated across platforms such that cliff retreat is very slow. The
width of platforms during stage 3 is largely an expression of horizontal wave erosion during
stages 1 and 2 (Trenhaile, 2001b), but the smoothness of these platforms is predominantly
the result of vertical erosion achieved by subaerial weathering during stages 2 and 3. It is
around this stage that platforms reach static equilibrium (t8); that is, the platforms can no
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Figure 8.3 - Four-stage model of Type B shore platform development along the exposed,
microtidal coastline of Lord H o w e Island. Platform development is summarised in four
stages. In the early stages, shore platforms develop predominantly by wave erosion, but
weathering processes increase in importance through time. Weathering processes eventually
reduce platforms close to low tide level. By contrast, wave erosion widens platforms toward
static equilibrium (t8); thereafter, cliff retreat is dependent on erosion of the low-tide cliff,
such that platforms retreat in dynamic equilibrium.

longer increase their width as w a v e energy is entirely dissipated across the wide platform
surfaces. Micro-erosion metre measurements on limestone and mudstone platforms at the
Kaikoura Peninsula, N e w Zealand, indicated that weathering is the dominant process
currently occurring on these platforms (Stephenson and Kirk, 1998, 2000a, 2000b). It is
likely that these platforms are in the third stage of platform development, as there is little
evidence to suggest that the low-tide cliffs are retreating (Stephenson, 1997).

4. The final stage of platform development is one in which platforms, having attained static
equilibrium, are rejuvenated by erosion of the low-tide cliffs (t8, t9). A small amount of
retreat at the seaward edges of the platforms is probably sufficient to allow w a v e erosion of
weathered rock at the cliff-platform junction. Hence, platforms probably maintain their
width over time (more or less), and platforms evolve in a state of dynamic equilibrium. The
flatness of shore platforms is probably maintained from stage 3, but platform elevation
continues to decrease during stage 4 until the platforms reach the level at which rocks are
permanently saturated (i.e., close to the level of m e a n low water). It is conceivable that
ramparts m a y persist at the seaward edges of shore platforms as low-tide cliffs are eroding,
but s o m e ramparts are probably destroyed by the retreat of low-tide cliffs. Regardless,
despite their greater resistance to weathering processes, over time, weathering would
eventually lower ramparts to be level with the remainder of the platform surface.

This four-stage model of Type B, microtidal shore platform development attempts to synthesise
divergent hypotheses in the literature with a time-based perspective of platform evolution. Such
long-term geomorphological models are inevitably inferential in their design, because of
difficulties expressing multifarious process-form relationships over time, but Lord H o w e Island
provides an excellent situation in which to constrain some aspects of the model. O f particular
importance is the opportunity to discern between modern and relict platforms, to contrast
platforms that have developed beneath cliffs of varied heights, and to contrast the development
of shore platforms in a highly varied wave climate and in rocks of varied resistance. Evidence
for the applicability of the model at Lord H o w e Island is provided by the fact that shore
platform width is negatively correlated with both platform elevation and platform gradient
(Figures 8.4 and 8.5). This indicates that platforms become lower and flatter as they become
wider.

The model incorporates time as a key factor. There has been approximately 6,000 years of
relatively stable sea level at Lord H o w e Island (although relatively small sea level fluctuations
are indicated by two platform levels on the lagoonal coastline), and shore platforms have
developed through this period at rates that vary according to factors such as rock resistance,
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wave exposure, nearshore water depth, and cliff height. Hence, over the same period of time, it
is possible for one site to be at ti, while nearby sites are at t2, t3, t4, or t5, and other sites could be
at te, t7 and so on. About 18 % of the rock coastline at Lord H o w e Island consists of plunging
cliffs. These cliffs represent tj in the model, but m a n y Type B platforms probably formed in
cliffs or hillslopes that were not plunging (see Figure 7.26). Ultimately, weathering of plunging
cliffs m a y degrade rock resistance below the assailing force of waves, and marine erosion of
cliffs m a y proceed through stages t2 and t3. However, erosion of cliffs 200 m high or higher
m a y result in accumulations of large talus slopes that render cliffs inactive. B y contrast, marine
erosion of lower cliffs results in shore platforms. Most platforms at Lord H o w e Island have a
morphology that indicates that they are currently in the second stage of development. Platforms
formed in Roach Island Tuff, Boat Harbour Breccia and the brecciated surfaces of lava flows
are generally very flat, except where intrusions occur. B y contrast, platforms formed entirely in
basalt are generally more steeply sloping. However, ramparts have not developed on any of
these surfaces, which implies that weathering has not dominated over wave erosion. It is likely
that wave erosion and weathering processes are occurring in combination on tuff and breccia
platforms, but weathering of basalt is probably not sufficiently rapid to maintain horizontal
surfaces.

Some narrow platforms at Lord Howe Island appear to be still in the first stage of development.
This occurs particularly where platforms are formed in hard rocks that resist erosion, and deep
water that restricts wave attack. The relatively narrow platforms at G o w e r Island (Figure 7.16)
are a good example of stage 1 platforms where deep nearshore bathymetry has prevented
substantial erosion. However, w h e n large breaking waves have eroded this surface, they have
probably exerted substantial vertical as well as horizontal pressures, which has resulted in
horizontal stage 1 platforms.

This observation corroborates the results of laboratory

experiments that indicate that wave erosion can maintain horizontal surfaces on narrow incipient
platforms (e.g. Sunamura, 1992).

The third stage of platform development is apparent on the wide (c. 40 to 50 m), flat platforms
at Clear Place Point where a distinct rampart, which is not formed in resistant rock, indicates
that weathering is n o w a dominant process. The platform at Clear Place Point is similar in
morphology to m a n y platforms along Australasian coastlines, particularly where sedimentary
rocks have permitted more rapid rates of erosion over the Holocene stillstand than are apparent
in the hard basaltic rocks of Lord H o w e Island. Measurements conducted on such platforms
confirm that weathering processes are dominant at present (e.g. Stephenson and Kirk, 1998,
2000a, 2000b), but these measurements do not preclude the possibility that m a n y shore
platforms, including those at Lord H o w e Island, were initiated and widened predominantly

through wave erosion. Trenhaile (2001b) recently drew a similar conclusion on the basis of
mathematical modelling of platform evolution.

Calcarenite platforms along the exposed coastline are very wide and flat, as are tuff platforms
the extremity of Malabar Point. Moreover, calcarenite platforms have been reduced to a subhorizontal plane at about low-tide level, and they are currently being eroded at their seaward
edge by solution processes (and perhaps biological erosion). These platforms appear to provide
a good example of stage 4 platforms that m a y be currently eroding in a state of dynamic
equilibrium.

8.5 Conclusion
Lord Howe Island was a large shield volcano with a diameter of 20 to 40 km, and a height of
970 to 1,600 m . Over the past 6 M a , the volcano has been planated by marine processes, but
erosion rates decreased through time as cliff heights increased and as a widening shelf
increasingly attenuated the energy of waves reaching the coastline. Subaerial dissection of the
volcano w a s rapid initially, but reduction in island size resulted in smaller stream catchments
and slower rates of erosion. At present, Lord H o w e Island is only 11 k m long and 0.5 to 2.5 k m
wide: the island represents but a vestige of the m u c h larger volcano.

The southern half of Lord Howe Island consists of high mountains that are surrounded by sheer
cliffs hundreds of metres in height that either plunge into the sea, or have talus slopes at their
base. Very little of this coastline has shore platforms. The evidence indicates that these high
cliffs are ancient features that resulted from past marine cliffing. For instance, m a n y plunging
cliffs do not erode at present owing to deep water at the cliff foot, but during lower sea levels,
the extensive fossil reef would have attenuated the energy of waves reaching the coastline.
Hence, m a n y plunging cliffs must have been eroded prior to the establishment of the fossil reef.
Furthermore, while most talus slopes at Lord H o w e Island accumulated at the foot of the cliffs
during the Last Glacial period, The Big Slope existed prior to the Last Interglacial. The
longevity of this talus provides further evidence of the antiquity of cliff cutting, because marine
erosion cannot occur w h e n talus mantles the base of cliffs.

Talus slopes currently occur at Lord Howe Island in areas where a critical size of cliff source
area (c. 15,000 m 2 ) has supplied sufficient material to offset wave abrasion and removal of the
talus during the Holocene highstand. Where cliff source areas are less than this, plunging cliffs
or shore platforms occur along the coastline. In some areas, a critical depth of water (between
15 and 20 m ) prevents waves from breaking against the cliff face and plunging cliffs occur in

these areas irrespective of rock resistance.

W h e r e water depths are critically shallower,

plunging cliffs exist only if the resistance of rocks exceeds the assailing force of waves. In this
respect, time is a crucial factor, as rock resistance is gradually degraded by weathering
processes.

At Lord Howe Island, shore platforms occur along sections of the coastline that have cliff
heights of less than 200 m . Higher cliffs either have talus slopes at their base (owing to large
source areas), or they have resistant rocks that result in plunging cliffs. Hence, cliffs more than
200 m high have not eroded by marine processes during the Holocene.

A variety of marine and subaerial processes erode rock coasts, and it can be difficult to deci
the efficacy of different processes in different circumstances (Trenhaile, 1987). However, the
efficacy of w a v e erosion at Lord H o w e Island is clearly demonstrated by a suite of small-scale
erosional landforms such as sea caves, arches, blowholes and gulches, which are very often the
result of w a v e quarrying of highly jointed dykes. In other circumstances wave abrasion is
clearly important (e.g. in the development of rock pools), whereas the importance of weathering
is demonstrated by ramparts and the results of Schmidt H a m m e r testing in some areas. Analysis
of these small-scale landforms has provided a sound basis for investigating the development of
the broader geometry of shore platforms at Lord H o w e Island.

Studies of shore platforms are often hindered by the possibility that modern platform
morphology m a y have been partially inherited from past sea levels. At Lord H o w e Island, the
small tidal range implies that shore platforms cut during the Last Interglacial should be
preserved above m o d e m platforms. However, deeper nearshore bathymetry during the Last
Interglacial probably prevented shore platform formation around large areas of the coastline,
and subsequent aeolianite deposition m a y have veneered shore platforms that did develop at this
time. Elevated platforms occur at Clear Place Point, but these platforms are too high to have
resulted from erosion during the Last Interglacial (they apparently date from a w a r m interglacial
prior to that). Other shore platforms at Lord H o w e Island appear to have formed in the
Holocene. There is clear evidence for this conclusion including broad relationships between
current processes and platform geometry, morphological evidence of active wave quarrying on
basalt shore platforms, and most decisively, the fact that m a n y calcarenite platforms have been
cut into aeolianite dunes that were deposited since the Last Interglacial.

Microtidal, Type B, shore platforms at Lord Howe Island are fundamentally influenced by wave
erosion. A very clear indication of the importance of wave erosion is provided by a contrast
between the width of platforms that have developed on the exposed coastline, and those that

have developed on the lagoonal coastline that is sheltered from wave attack by a fringing coral
reef. Holocene-eroded calcarenite platforms are about twice the width on the exposed coastline,
and basalt platforms on the exposed coastline are wide, free of talus, and have steep cliffs at the
back of the platforms, whereas reef-sheltered basalt platforms are veneered by talus.

An indication of the role of waves in platform initiation at Lord Howe Island is the strong
relationship that exists between the elevation of shore platforms and the depth of water in front
of the platforms. This field data corroborates Sunamura's (1991) hypothesis (generated on the
basis of laboratory experiments), that the elevation of shore platforms is positively correlated
with the depth of water in front of shore platforms and the resistance of rocks within the cliff
face. In this respect, it is notable that the scatter within thefielddata from Lord H o w e Island is
due largely to varied rock resistance. Hence, it appears that shore platforms at Lord H o w e
Island are initiated by breaking waves that attack at a level defined by the resistance of rocks
and nearshore water depth.

Further testimony to the importance of wave erosion at Lord Howe Island is provided by a
negative correlation between platform width and cliff height, and the fact that basalt shore
platforms on the exposed sides of islands and exposed points on the mainland tend to be wider
than sheltered platforms. W h e r e anomalous relationships exist, they are generally the product
of varied rock resistance.

The analysis of shore platforms at Lord Howe Island has been used as a basis for a four-stage
model of Type B, microtidal shore platform development. The model attempts to synthesise
divergent hypotheses in the literature with a time-based perspective of platform evolution. Such
long-term models are inevitably inferential in their design, but Lord H o w e Island provides an
excellent situation in which to constrain some aspects of the model. The model indicates that
Type B platforms are initiated and then widen through w a v e erosion as platforms tend toward
static equilibrium. However, weathering m a y be a key process in these early stages, depending
on the balance between the erosive force of waves and the resistance of rocks in the cliff face.
In the early stages of platform formation, erosion of low-tide cliffs progresses m u c h slower than
erosion of the cliff-platform junction. In fact, basalt platforms at Lord H o w e Island have lowtide cliffs that m a y not have eroded during the current highstand. A s shore platforms grow in
width, weathering processes become increasingly important, and this is indicated with data from
Lord H o w e Island that shows that wider platforms also tend to be lower and flatter than
narrower platforms. W a v e energy becomes increasingly attenuated over wide platforms and
rock resistance must be considerably reduced by weathering before erosion can continue. At
some point, platforms attain a width at which erosion at the cliff-platform junction ceases. This
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represents a state of static equilibrium. However, given enough time, erosion processes result in
retreat of the seaward portions of platforms, and this allows renewed cutting at the cliff-platform
junction; hence, platforms ultimately tend toward a state of dynamic equilibrium. At Lord
H o w e Island, basalt platforms remain in the early or mid stages of development; only shore
platforms at Clear Place Point show clear signs of weathering processes exerting a dominant
influence on platform morphology. Calcarenite platforms, however, are currently being eroded
both at their landward and seaward edges. Hence, they are retreating in dynamic equilibrium.

The spectacular coastal geomorphology of Lord Howe Island includes massive and precipitous
cliffs that plunge into the sea or have basal talus slopes, cliffs less than 200 m high that often
have shore platforms at their base, a variety of small-scale erosional landforms, and a reefsheltered lagoonal coastline that consists largely of depositional sandy beaches and vegetated
hillslopes.

The island occurs in a unique geological and environmental setting that has

presented an excellent opportunity to assess and discriminate between the evolution of different
rock coast landforms. Plunging cliffs and cliffs with talus have not eroded by marine processes
during the Holocene, but the impact of waves on shore platforms and small-scale erosional
landforms is marked. This thesis proposes a four-stage model to explain microtidal, Type B
shore platform development at Lord H o w e Island. The model attempts to synthesise divergent
hypothesis and observations in the literature with the relatively clear process-form relationships
evident at Lord H o w e Island.

References
Aalto, K. R., Aalto, R., Garrison-Laney, C. E. and Abramson, H. F. (1999). Tsunami(?) sculpturing of the
pebble beach wave-cut platform, crescent city area, California. Journal of Geology. 107, 607-622.
Abrahams, A. D. and Oak, H. L. (1975). Shore platform widths between Port Kembla and Durras Lake, New
South Wales. Australian Geographical Studies. 13, 190-194.
Alexander, R. S. (1932). Pothole erosion. Journal of Geology. 40, 305-337.

Alexandersson, T. (1975). Etch patterns on calcareous sediment grains: petrographic evidence of marine
dissolution of carbonate minerals. Science. 189, 47-48.
Alexandersson, T. (1976). Actual and anticipated petrographic effects of carbonate undersaturation in
water. Nature. 262, 653-658.
Allen, T. D. (1984). An eye on ocean waves and currents: satellite-borne radars scan the sea surface.
Bulletin. 35,239-241.
Allison, R. J. (1988). A non-destructive method of determining rock strength. Earth Surface Processes
Landforms. 13, 729-736.

Allison, R. J. (1990). Developments in a non-destructive method for determining rock strength. Earth S
Processes and Landforms. 15, 571-577.

Andrews, C. and Williams, R. G. B. (2000). Limpet erosion of chalk shore platforms in southeast Englan
Earth Surface Processes and Landforms. 25, 1371-1381.
Arber, M. A. (1949). Cliff profiles of Devon and Cornwall. Geographical Journal. 114, 191-197.

Augustinus, P. C. (1991). Rock resistance to erosion: some further considerations. Earth Surface Proce
and Landforms. 16, 563-569.

Augustinus, P. (1995a). Rock mass strength and the stability of some glacial valley slopes. Zeitschrif
Geomorphologie. 39, 55-68.

Augustinus, P. C. (1995b). Glacial valley cross-profile development: the influence of in situ rock str
rock mass strength, with examples from the Southern Alps, N e w Zealand. Geomorphology. 14, 87-97.

Bagnold, R. A. (1939). Interim report on wave pressure research. Journal of the Institute of Civil Eng
12, 202-226.

Bai A A (1997). Sea caves, relict shore and rock platforms -evidence for the tectonic stability of Ban
Peninsula, N e w Zealand. N e w Zealand Journal of Geology and Geophysics. 40, 299-305.

Ballantyne, C. K., Black, N. M. and Finlay, D. P. (1989). Enhanced boulder weathering under later lyin
snow patches. Earth Surface Processes and Landforms. 14, 745-750.
Barker, P., Bowden, G, Outhred, H., Robins, B. and Williams, M. (1983). Wind energy feasibility study
Lord H o w e Island. Energy Authority of N e w South Wales. Sydney.

Barton, N. and Choubey, V. (1977). The shear strength of rock joints in theory and practice. Rock Mechanics.
10, 1-54.
Bartrum, J. A. (1916). High-water rock-platforms: a phase of shore-line erosion. Transactions and
Proceedings of the N e w Zealand Institute. 48, 132-134.

Bartrum, J. A. (1924). The shore-platform of the west coast near Auckland: its storm wave origin. Aus
and N e w Zealand Association for the Advancement of Science. 16, 493-495.
Bartrum, J. A. (1926). Abnormal shore platforms. Journal of Geology. 34, 793-807.

Bartrum, J. A. and Turner, F. J. (1928). Pillow lavas, peridotites, and associated rocks from norther
N e w Zealand. Transactions of the N e w Zealand Institute. 59, 98-138.

Bartrum, J. A. (1935). Shore platforms. Meeting of the Australian and New Zealand Association for the
Advancement of Science. 22, 135-43.
Bartrum, J. A. (1938). Shore platforms. Journal of Geomorphology. 13, 266-272.

Bell, J. M. and Clarke, E. D. C. (1909). The Geology of the Whangaroa Subdivision, Hokianga Division.
Zealand Geological Survey Bulletin. N o 8 N e w Series, 115.

Belov, A. P., Davies, P. and Williams, A. T. (1999). Mathematical modeling of basal coastal cliff ero
uniform strata: A theoretical approach. Journal of Geology. 107, 99-109.
Betts, M. W. and Latta, M. A. (2000). Rock surface hardness as an indication of exposure age: An
archaeological application of the Schmidt hammer. Archaeometry. 42, 209-223.

Bird, E. C. F. and Dent, O. F. (1966). Shore platforms on the south coast of New South Wales. Austral
Geographer. 10, 71-80.
Bird, E. C. F. (1968). Coasts. Australian National University Press. Canberra.

Bird, E. C. F. and Rosengren, N. J. (1984). The changing coastline of the Krakatau Islands, Indonesia
Zeitschrift fur Geomorphologie. 28, 347-366.
Bird, E. C. F. (1984). Coasts. Australian National University Press. Canberra.
Bird, P. A. D., Crawford, A. R., Hewson, P. J. and Bullock, G. N. (1998). An instrument for field
measurement of wave impact pressures and seawater aeration. Coastal Engineering. 35, 103-122.
Bird, E. C. F. (2000). Coastal Geomorphology: An Introduction. John Wiley & Sons. Chichester.
Blackwelder, E. (1925). Exfoliation as a phase of rock weathering. Journal of Geology. 33, 793-806.

Bloom, A. L. (1970). Holocene submergence in Micronesia as the standard for eustatic sea-level change
Quaternaria. 145-154.

Bloom A L Broecker, W. S., Chappell, J. M. A., Matthews, R. K. and Mesolella, K. J. (1974). Quaternar
sea level fluctuations on a tectonic coast: new 230Th/234U dates from the Huon Peninsula, N e w
Guinea. Quaternary Research. 4, 185-205.

Bradley, W. C. (1958). Submarine abrasion and wave-cut platforms. Geological Society of America Bulle
69, 967-974.

275

Brooke, B. P. (1993). Shore Platforms of Northern Illawarra. BSc (Hons) Thesis. Department of Geography.
University of Wollongong. Wollongong.

Brooke, B. P., Young, R. W., Bryant, E. A., Murray-Wallace, C. V. and Price, D. M. (1994). A Pleist
origin for shore platforms along the northern Illawarra coast, N e w South Wales. Australian
Geographer. 25, 178-185.

Brooke, B. P. (1999). Quaternary Stratigraphy and Evolution of Aeolianite on Lord Howe Island. PhD T
School of Geosciences. University of Wollongong. Wollongong.
Bryant, E. A., Young, R. W., Price, D. M. and Short, S. A. (1990). Thermoluminescence and UraniumThorium chronologies of Pleistocene coastal landforms of the Illawarra region, N e w South Wales.
Australian Geographer. 21, 101-111.

Bryant, E. (1992). Last interglacial and Holocene trends in sea-level maxima around Australia: Impl
for modern rates. Marine Geology. 108, 209-217.

Bryant, E. A. and Young, R. W. (1996). Bedrock-sculpturing by tsunami, south coast New South Wales,
Australia. Journal of Geology. 104, 565-582.
Bryant, E. A. (1997). Climate Process and Change. Cambridge University Press. Cambridge.
Bryant, E. A. (2001). Tsunami - The Underrated Hazard. Cambridge University Press. Cambridge.
Budetta, P., Galietta, G. and Santo, A. (2000). A methodology for the study of the relation between
cliff erosion and the mechanical strength of soils and rock masses. Engineering Geology. 56, 243-256.
Bureau of Meteorology (1997). Climatological Summary for Lord Howe Island. Prepared by Climate and
Consultancy Section in the N e w South Wales Regional Office of the Bureau of Meteorology.

Bullock, G. N., Crawford, A. R, Hewson, P. J., Walkden, M. J. A. and Bird, P. A. D. (2001). The infl
air and scale on wave impact pressures. Coastal Engineering. 42, 291-312.

C.E.R.C. (Coastal Engineering Research Center) (1977). Shore Protection Manual. 3rd Edition. Depart
of the Army. Washington.

C.E.R.C. (Coastal Engineering Research Center) (1984). Shore Protection Manual. 4th Edition. Depart
the Army. Washington.
Challinor, J. (1949). A principle in coastal geomorphology. Geography. 34, 212-215.

Chan, E. S., Cheong, H. F. and Gin, K. Y. H. (1995). Breaking-wave loads on vertical walls suspended
mean sea level. Journal of Waterway Port Coastal & Ocean Engineering. 121, 195-202.

Chappell, J. (1974). Geology of coral terraces, Huon Peninsula, New Guinea: A study of Quaternary te
movements and sea level changes. Geological Society of America Bulletin. 85, 553-570.

Chappell, J. (1983). A revised sea-level record for the last 300,000 years from Papua New Guinea. S
99-101.
Chappell, J. and Shackleton, N. J. (1986). Oxygen isotopes and sea level. Nature. 324, 137-140.

Chappell, J. (1987). Late Quaternary sea-level changes in the Australian region. In: M. J. Tooley a
Shennan (Eds). Sea-Level Changes. Basil Blackwell. Oxford. 296-331.

276

Chappell, J., Omura, A., Esat, T., McCulloch, M., Pandolfi, J., Ota, Y. and Pillans, B. (1996). Reconciliation
of late Quaternary sea levels derived from coral terraces at Huon Peninsula with deep sea oxygen
isotope records. Earth and Planetary Science Letters. 141, 227-236.

Clark, H. C. and Johnson, M. E. (1995). Coastal geomorphology of andesite from the Cretaceous Alisito
formation in Baja California (Mexico). Journal of Coastal Research. 11,401-414.
Cooke, R. U. and Smalley, I. J. (1968). Salt weathering in deserts. Nature. 220, 1226-1227.
Cooke, R. U. (1979). Laboratory simulation of salt weathering processes in arid environments. Earth
Processes and Landforms. 4,347-359.

Cooks, J. (1983). Geomorphic response to rock strength and elasticity. Zeitschrift fur Geomorphologi
483-493.

Cotton, C. A. (1916). Fault coasts in New Zealand. In: B. W. Collins (Ed). Bold Coasts. A. H. & A. W.
Wellington. 7-33.

Cotton, C. A. (1949). Plunging cliffs, Lyttleton Harbour. In: B. W. Collins (Ed). Bold Coasts. A. H.
Reed. Wellington. 46-51.

Cotton, C. A. (1951a). Accidents and interruptions in the cycle of marine erosion. In: B. W. Collins
Bold Coasts. A. H. & A. W . Reed. Wellington. 60-68.

Cotton, C. A. (1951b). Atlantic gulfs, estuaries and cliffs. In: B. W. Collins (Ed). Bold Coasts. A.
Reed. Wellington. 69-83.

Cotton, C. A. (1951c). Sea cliffs of Banks Peninsula and Wellington: some criteria for coastal class
In: B. W . Collins (Ed). Bold Coasts. A. H. & A. W . Reed. Wellington. 84-98.
Cotton, C. A. (1952). Cyclic resection of headlands by marine erosion. In: B. W. Collins (Ed). Bold
A. H. & A. W . Reed. Wellington. 113-117.

Cotton, C. A. (1955). The theory of secular marine planation. In: B. W. Collins (Ed). Bold Coasts. A
W . Reed. Wellington. 164-174.

Cotton, C. A. (1963). Levels of planation of marine benches. Zeitschrift fur Geomorphologie. 7, 97-1

Cotton, C. A. (1967). Plunging cliffs and Pleistocene coastal cliffing in the Southern Hemisphere. I
Collins (Ed). Bold Coasts. A. H. & A. W . Reed. Wellington. 245-266.

Cotton, C. A. (1969a). Marine Cliffing According to Darwin's Theory. In: B. W. Collins (Ed). Bold Co
A. H. & A. W . Reed. Wellington. 277-301.

Cotton, C. A. (1969b). Skeleton Islands of New Zealand and elsewhere. In: B. W. Collins (Ed). Bold C
A. H. & A. W . Reed. Wellington. 306-325.

Cotton, C. A. (1974). Bold Coasts - Annotated Reprints of Selected Papers on Coastal Geomorphology.
& A. W . Reed. Wellington.
Cox, S. J. and Cooker, M. J. (2001). The pressure impulse in a fluid saturated crack in a sea wall.
Engineering. 42, 241-256.
Crozier, M. J. (1986). Landslides: causes, consequences and environment. Croom Helm. London.

277

Daly, R. A. (1925). The geology of Ascension Island. Proceedings of the American Academy of Arts and
Sciences. 60,1-80.
Daly, R. A. (1927). The geology of Saint Helena Island. Proceedings of the American Academy of Arts
Sciences. 62, 31-92.

Dana, J. D. (1849). Geology, Report of the U.S. Exploration Expedition during the Years 1838 to 1842
Putnam. N e w York.
Dana, J. D. (1850). On denudation in the Pacific. American Journal of Science. 9, 48-62.

Dana, J. D. (1890). Characteristics of volcanoes with contributions of facts and principles from the
Islands. Dodd, M e a d and Company. N e w York.
Darwin, C. (1842). Structure and Distribution of Coral Reefs. Smith, Elder. London.
Darwin, C. (1844). Geological Observations on Volcanic Islands. London.
Darwin, C. (1846). Geological Observations on Parts of South America. London.

Darwin, C. (1891). Geological Observations on the Volcanic Islands and Parts of South America Visite
During the Voyage of H.M.S. 'Beagle'. 3rd Edition. Smith, Elder. London.
Davies, J. L. (1972). Geographical Variations in Coastal Development. Oliver and Boyd. Edinburgh.
Davies, P. and Williams, A. T. (1985). Cave development in Lower Lias coastal cliffs, the Glamorgan
Heritage Coast, Wales, U K . Proceedings Ireland Coastal and River Symposium. Reykjavik, Iceland.
75-92.
Davis, W. M. (1928). The Coral Reef Problem. American Geographical Society. New York.
Davis, W. M. (1928). The coral reef problem. American Geographical Society Special Publication. 9,

Day, M. J. and Goudie, A. S. (1977). Field assessment of rock hardness using the Schmidt test hammer
British Geomorphology Research Group Technical Bulletin. 18, 19-29.

Day, M. J. (1978). Morphology and distribution of residual limestone hills (Mogotes) in the karst of
Puerto Rico. Bulleting of the Geological Society of America. 89, 426-432.

Day, M. J. (1980). Rock hardness, field assessment and geomorphic importance. Professional Geographe
72-81.

Deere, D. U. and Miller, R. P. (1966). Engineering classification and index properties for intact ro
Force Weapons Laboratory. N e w Mexico. Technical Report. AFNL-TR-65-116.

Denny, D. F. (1951). Further experiments on wave pressure. Journal of the Institute of Civil Enginee
330-345.

Dietz, R. S. and Menard, H. W. (1951). Origin of abrupt changes in slope at the continental shelf ma
Bulletin of the American Association of Petrolium Geologists. 35, 1994-2016.

Dietz, R. S. (1963). Wave-base, marine profile equilibrium, and wave-built terraces. Geological Soci
America Bulletin. 74, 971-990.

Dionne, J. C. (1964). Notes sur les marmites littorales. Rev. Geogr. Montreal. 18, 249-277. (Cited b
Trenhaile, 1987).

Douglas, G. R , Whalley, W . B. and McGreevy, J. P. (1991). Rock properties as controls onfree-facedebris
fall activity. Permafrost and Periglacial Processes. 2, 311-329.

Douglas, G. R., McGreevy, J. P. and Whalley, W. B. (1994). Mineralogical Aspects of Crack Developmen
and Freeface Activity in some Basalt Cliffs, County Antrim, Northern Ireland. In: R. Williams and D.
Robinson. (Eds). Rock Weathering and Landform Evolution. Wiley. Chichester. 71-88.
Edwards, A. B. (1941). Storm-wave platforms. Journal of Geomorphology. 4, 223-236.

Edwards, A. B. (1945). The geology of Phillip Island. Proceedings of the Royal Society of Victoria. 5
Edwards, A. B. (1951). Wave action in shore platform formation. Geological Magazine. 88,41-49.

Edwards, A. B. (1958). Wave-cut platforms at Yampi Sound in the Buccaneer Archipelago, W. A. Journal
the Royal Society of Western Australia. 41, 17-21.
Emery, K. O. (1946). Marine solution basins. Journal of Geology. 54, 209-228.

Emery, K. O. and Kuhn, G. G. (1982). Sea cliffs: Their processes, profiles, and classification. Geolo
Society of America Bulletin. 93, 644-654.
Evans, D. J. A. (1997). Reassessment of supposed early little ice age and older neoglacial moraines
Sandane area of western Norway - a reply. The Holocene. 7, 121-124.

Evans, D. J. A., Archer, S. and Wilson, D. J. H. (1999). A comparison of the lichenometric and Schmi
hammer dating techniques based on data from the proglacial areas of some Icelandic glaciers.
Quaternary Science Reviews. 18, 13-41.

Everard, C. E., Lawrence, R. H., Witherick, M. E. and Wright, L. W. (1964). Raised beaches and marin
geomorphology. In: K. F. G. Hosking and G. J. Shrimpton (Eds). Present Views on Some Aspects of
the Geology of Cornwall and Devon. Royal Geological Society of Cornwall. Penzance. 283-310.
Fairbridge, R. W. (1948). Notes on the geomorphology of the Pelsart group of the Houtman's Abrolhos
Islands. Journal of the Royal Society of West Australia. 33, 1-43.

Fairbridge, R. W. (1950). Landslide patterns on oceanic volcanoes and atolls. Geophysical Journal. 11
88.

Fairbridge, R. (1952). Marine Erosion. Proceedings of the Seventh Pacific Science Congress. Auckland
Christchurch. R. E. O w e n , Government Printer. 347-358,
Felton, E„ Crook, K. A. W. and Keating, B. H. (2000). The Hulopoe Gravel, Lanai, Hawaii: New
sedimentological data and their bearing on the 'Giant Wave' (Mega-Tsunami) emplacement hypothesis.
Pure and Applied Geophysics. 157, 1257-1284.

Fleming, A., Cresswell, R. G., Summerfield, M. A., Stone, J. O. and Fifield, L. K. (1999). Denudation
for the southern Drakensberg escarpment, S E Africa, derived from in-situ-produced cosmogenic 36C1:
Initial results. Journal of the Geological Society. 156, 209-212.

Flemming, N. C. (1965). Form and relation to present sea level of Pleistocene marine erosion feature
of Geology. 73,799-811.

Focke, J. W. (1978). Limestone cliff morphology on Cura9ao (Netherlands Antilles), with special atten
'the origin of notches and vermetid/coralline algal surf benches ("cornices", "trottoirs"). Zeitschrift fur
Geomorphologie. 22, 329-349.

279

G a m e , P. M . (1970). Petrology of Lord H o w e Island. Part I: The younger volcanics. British M u s e u m (Natural
History) Mineralogy Bulletin. 2, 223-284.

Gardner and McLaren (1994). Variability in early vadose carbonate diagenesis: a review. Earth Science
Reviews. 36, 27-45.
Gibb, J. (1986). A New Zealand regional Holocene eustatic sea level curve and its application to
determination of vertical tectonic movements. Royal Society of N e w Zealand Bulletin. 24, 377-395.

Gill, E. D. (1967). The dynamics of the shore platform process, and its relation to changes in sea-le
Proceedings of the Royal Society of Victoria. 80, 183-192.

Gill, E. D. (1972a). The relationship of present shore platforms to past sea levels. Boreas. 1, 1-25.
Gill, E. D. (1972b). Ramparts on shore platforms. Pacific Geology. 4, 121-133.

Gill, E. D. (1972c). Sanders' wave tank experiments and shore platforms. Papers and Proceedings of th
Royal Society of Tasmania. 106, 17-20.

Gill, E. D. (1973). Rate and mode of retrogradation on rocky coasts in Victoria, Australia, and their
relationship to sea level changes. Boreas. 2, 143-147.
Gill, E. D. and Lang, J. G. (1983). Micro-erosion meter measurements of rock wear on the Otway coast
southeast Australia. Marine Geology. 52, 141-156.

Goudie, A., Cooke, R. U. and Evans, I. (1970). Experimental investigations of rock weathering by salts
4, 42-48.
Goktan, R. M. and Ayday, C. (1993). A suggested improvement to the Schmidt Rebound Hardness ISRM
suggested method with particular reference to rock machineability. International Journal of Rock
Mechanics. 30, 321-322.
G.S.E.W.P. (Geological Society Engineering Working Party) (1977). The description of rock masses for
engineering purposes. Quaternary Journal of Engineering Geology. 10, 355-388.
Guilcher, A. (1958). Coastal and Submarine Morphology. Methuen & Co. Ltd. London.

Gulliver, F. P. (1899). Shoreline topography. Proceedings of the American Academy of Arts and Science
34, 151-258.

Haq, B. U., Hardenbol, J. and Vail, P. R (1987). Chronology of Fluctuating Sea Levels Since the Trias
Science. 235, 1156-1167.
Harris, P. T., Tsuji, Y., Davies, P. J., Honda, N. and Matsuda, H. (1996). Sand and rhodolith-gravel
entrainment on the mid- to outer-shelf under a western boundary current: Fraser Island continental
shelf, eastern Australia. Marine Geology. 129, 313-330.
Haslett S. K. and Curr, H. F. (1998). Coastal rock platforms and Quaternary sea-levels in the Baie
d'Audierne, Brittany, France. Zeitschrift fur Geomorphologie. 42, 507-515.
Hayashi, M. (1966). Strength and dilatancy of brittle jointed mass: The extreme value stochastic and
anisotropic failure mechanism. Proceedings of the 1st International Congress of the International
Society of Rock Mechanics. Lisbon. 1. 275-302.

280

Healy, T. R. (1968). Shore platform morphology on the Whangaparaoa Peninsula, Auckland. Conference
Series, N e w Zealand Geographical Society. 5, 163-168.

Hearty, P. J., Kindler, P., Cheng, H. and Edwards, R. L. (1999). A +20 m middle Pleistocene sea-leve
highstand (Bermuda and the Bahamas) due to partial collapse of Antarctic ice. Geology. 27, 375-378.

Higgins, C. G. (1980). Nips, notches, and the solution of coastal limestones; An overview of the prob
examples from Greece. Estuarine and Coastal Marine Science. 10, 15-30.

High, C. J. and Hanna, F. K. (1970). A method for the direct measurement of erosion on rock surfaces
Geomorphological Research Group Technical Bulletin. 5, 1-25.
Hills, E. S. (1949). Shore platforms. Geological Magazine. 86, 137-152.

Hills, E. S. (1971). A study of cliffy coast profiles in Victoria, Australia. Zeitschrift fur Geomor
137-180.
Hills, E. S. (1972). Shore platforms and wave ramps. Geological Magazine. 109, 81-88.

Hinchliffe, S. and Ballantyne, C. K. (1999). Talus accumulation and rockwall retreat, Trotternish, I
Skye, Scotland. Scottish Geographical Magazine. 115, 53-70.
Hoek, E. (1983). Strength of jointed rock masses. Geotechnique. 33, 187-223.

Holcomb, R. T. and Searle, R. C. (1991). Large Landslides from Oceanic Volcanoes. Marine Geotechnolo
10, 19-32.

Hopley, D. (1982). The Geomorphology of the Great Barrier Reef: Quaternary development of coral reef
Wiley. N e w York.
Hopley, D. (1987). Holocene sea-level changes in Australasia and the Southern Pacific. In: R. J. N.
(Ed). Sea Surface Studies, a Global View. Croom Helm. Sydney. 375-408.

Hotchstetter, H. v. (1864). Reise. d. o. F. Novara u. d. Erde. Geology. 1. (Cited by Bartrum, 1916).

Hucka, R. D. (1965). A rapid method of determining the compressive strength of rocks in situ. Intern
Journal of Rock Mechanics and Mining. 2, 127-134.

Hudson, R. Y. (1952). Wave forces on breakwaters. Proceedings of the American Society of Civil Engin
78, 1-22.

Hutchinson, J. N. (1986). Cliffs and shores in cohesive materials. Proceedings of the Symposium on C
Shores. National Research Council, Canada. 1-44.

I.S.R.M. (International Society of Rock Mechanics) (1978). Suggested methods for determining hardne
abrasiveness of rocks. International Journal of Rock Mechanics. 15, 89-97.

Johannessen, C. L., Feiereisen, J. J. and Wells, A. N. (1982). Weathering of ocean cliffs by salt exp
mid-latitude coastal environment. Shore and Beach. 50, 26-34.
Johnson, D. W. (1919). Shore Processes and Shoreline Development. Wiley. New York.
Johnson, D. W. (1925). The New England Acadian Shoreline. Wiley. New York.

Johnson, D. W. (1931). Supposed two-metre eustatic bench of the Pacific shores. International Geolog
Congress. 13, 158-163.

Johnson, D. (1938). Shore platforms: a discussion. Journal of Geomorphology. 1, 268-272.
Jones, A. T. M . and Mader, C.L. (1996). W a v e erosion on the southeastern coast of Australia: tsunami
propagation modelling. Australian Journal of Earth Sciences. 43, 479-483.

Jutson, J. T. (1939). Shore platforms near Sydney, New South Wales. Journal of Geomorphology. 2, 236

Jutson, J. T. (1949a). The shore platforms of Lome Victoria. Proceedings of the Royal Society of Vi
43-59.

Jutson, J. T. (1949b). The shore platforms of Point Lonsdale Victoria. Proceedings of the Royal Soc
Victoria. 61, 105-111.

Jutson, J. T. (1950). The shore platforms of Flinders Victoria. Proceedings of the Royal Society of
60, 57-73.

Jutson, J. T. (1954). The shore platforms of Lome Victoria and the processes of erosion operating t
Proceedings of the Royal Society of Victoria. 65, 125-134.
Kennedy, D. K. (1999). Reef Growth and Lagoonal Sedimentation at High Latitudes, Lord Howe Island,
Australia. P h D Thesis. School of Geosciences. University of Wollongong. Wollongong.

Kennedy, D. M. and Woodroffe, C. D. (2000). Holocene lagoonal sedimentation at the latitudinal limit
reef growth, Lord H o w e Island, Tasman Sea. Marine Geology. 169, 287-304.

Kennedy, D. M., Woodroffe, C. D., Jones, B. G., Dickson, M. E. and Phipps, C. V. G. (in press). Carb
sedimentation on subtropical shelves around Lord H o w e Island and Balls Pyramid, Southwest Pacific.
Marine Geology.
King, C. A. M. (1959). Beaches and Coasts. Edward Arnold. London.

Kirk, R. M. (1977). Rates and forms of erosion on intertidal platforms at Kaikoura Peninsula, South
N e w Zealand. N e w Zealand Journal of Geology and Geophysics. 20, 571-613.

Kirkgoz, M. S. (1995). Breaking wave impact on vertical and sloping coastal structures. Ocean Engin
22, 35-48.

Komar, P. D. (1976). Beach Processes and Sedimentation. 1st Edition. Prentice-Hall, Inc. New Jersey.

Komar, P. D. (1998). Beach Processes and Sedimentation. 2nd Edition. Prentice-Hall, Inc. New Jersey.

Krastel, S., Schmincke, H. U., Jacobs, C. L., Rihm, R., Le Bas, T. P. and Alibes, B. (2001). Submari
landslides around the Canary Islands. Journal of Geophysical Research B: Solid Earth. 106, 3977-3997.

Labazuy, P. (1996). Recurrent landslide events on the submarine flank of Piton de la Fournaise volca
(Reunion Island). In: W . J. McGuire, A. P. Jones and J. Neuberg (Eds). Volcano Instability on the
Earth and Other Planets. Geological Society of London, Special Publication. London. 295-306.
Ladd, H. S. (1962). Pacific islands. Geographical Review. 52, 607-607.

Lambeck, K. and Nakada, M. (1990). Late Pleistocene and Holocene sea-level change along the Australi
coast. Palaeogeography, Palaeoclimatology, Palaeoecology. 89, 143-176.

Lawrie A (1993) Shore platforms at +6-8 m above mean sea level on Banks Peninsula and implications f
tectonic stability. N e w Zealand Journal of Geology and Geophysics. 36,409-415.

282

Lenat, J.-P., Vincent, P. and Bachelery, P. (1989). The off-shore continuation of an active basaltic volcano:
Piton de la Foumaise (Reunion Island, Indian Ocean); structural and geomorphological interpretation
from sea beam mapping. Journal of Volcanology and Geothermal Research. 36, 1-36.

Li, Y. H. (1988). Denudation rates of the Hawaiian islands by rivers and groundwaters. Pacific Scie
253-266.
Lipman, P. W., Normark, W. R., Moore, J. G, Wilson, J. B. and Gutmacher, C. E. (1988). The giant
submarine Alika debris slide, Mauna Loa, Hawaii. Journal of Geophysical Research. 93, 4279-4299.
Lyell, C. (1830). Principles of Geology. John Murray. London.

Marsland, A. (1972). The shear strength of stiff fissured clays. In: R. H. G. Parry (Ed). Proceeding
Roscoe Memorial Symposium. Henley-on-Thames, Oxfordshire. 59-139.

Martinson, D. G, Pisias, N. G., Hays, J. D., Imbrie, J., Moore, T. C. J. and Shackleton, N. J. (198
dating and the Orbital Theory of the Ice Ages: Development of a high-resolution 0 to 300,000-year
chronostratigraphy. Quaternary Research. 27,

Masson, D. G. (1996). Catastrophic collapse of the volcanic island of Hierro 15 ka ago and the hist
landslides in the Canary Islands. Geology. 24, 231-234.

Masson, D. G., Watts, A. B., Gee, M. J. R, Urgeles, R, Mitchell, N. C, Le Bas, T. P. and Canals, M.
Slope failures on the flanks of the western Canary Islands. Earth-Science Reviews. 57, 1-35.

Mattes, B. (1974). Aspects of the Sedimentary Geology of Lord Howe Island. BSc (Hons) Thesis. Depart
of Geology and Geophysics. University of Sydney. Sydney.

McCarroll, D. (1987). The Schmidt Hammer in geomorphology: five sources of instrument error. Britis
Geomorphological Research Group Technical Bulletin. 36, 16-27.

McCarroll, D. (1989). Potential and limitations of the Schmidt Hammer for relative age dating: fiel
neoglacial moraines, Jotunheimen, southern Norway. Arctic and Alpine Research. 21, 268-275.

McCarroll, D. (1991). The Schmidt Hammer, weathering and rock surface roughness. Earth Surface Proc
and Landforms. 16,

McDougall, I., Embleton, B. J. J. and Stone, D. B. (1981). Origin and evolution of Lord Howe Island
Southwest Pacific Ocean. Journal of the Geological Society of Australia. 28, 155-176.

McDougall, I. and Duncan, R. A. (1988). Age progressive volcanism in the Tasmantid Seamounts. Earth
Planetary Science Letters. 89, 207-220.

McKenna, J. (1980). Morphology and Development of Basalt Shore Platforms on the North Coast of Irel
With Particular Reference to the Portstewart - Portrush Area. M S c Thesis. School of Biological and
Environmental Studies. The N e w University of Ulster. Coleraine.
McKenna, J. (1990). Morphodynamics and Sediments of Basalt Shore Platforms. PhD Thesis. University
Ulster, Northern Ireland.

McLean, R. F. (1967a). Measurements of beachrock erosion by some tropical marine gastropods. Bullet
Marine Science. 17,551-561.

McLean, R. F. (1967b). Erosion of burrows in beachrock by the tropical sea urchin Echinometra lacun
Canadian Journal of Zoology. 45, 586-588.

283

McLean and Davidson (1968). The role of mass movement in shore platform development along the Gisborne
coastline, N e w Zealand. Earth Science Journal. 2, 15-25.
McLean, R. F. (1974). Geological significance of bioerosion of beachrock. Proceedings of the 2nd
International Coral Reef Symposium. 2, 401-408.

Menard, H. W. (1956). Archipelagic Aprons. Bulletin of the American Association of Petroleum Geologists
40,2195-2210.
Menard, H. W. (1983). Insular Erosion, Isostasy, and Subsidence. Science. 220, 913-220.
Menard, H. W. (1986). Islands. Scientific American Books, Inc. New York.

Mii, H. (1962). Coastal Geology of Tanabe Bay. Science Reports of the Tokoku University, Sendai, Secon
Series. 34, 1-96.

Miller, W. R. and Mason, T. R. (1994). Erosional features of coastal beachrock and aeolianite outcrops
Natal and Zululand, South Africa. Journal of Coastal Research. 10, 374-394.

Mitchell, N. C. (1998). Characterising the irregular coastlines of volcanic ocean islands. Geomorpholo
1-14.

Mitsuyasu, H. (1962). Experimental study on wave force against a wall. Rep. Transport. Tech. Res. Insti
47. (In Japanese, cited by Tsujimoto, 1987).

Mitsuyasu, H. (1963). Wave pressure and wave runup. In: S. Yokota (Ed). Handbook of Hydraulics. Japane
Society of Civil Engineers. 505-528. (In Japanese, cited by Sunamura, 1992).
Mitsuyasu, H. (1966). Shock pressure of breaking wave. Proceedings of the 10th conference on coastal
engineering. 268-283.
Moberly, R. J. (1963). Rate of denudation in Hawaii. Journal of Geology. 71, 371-375.
Monroe, W. H. (1966). Formation of tropical karst topography by limestone solution and precipitation.
Caribbean Journal of Science. 6, 1-7.
Moore, D. G. (1954). Origin and development of sea caves. The American Caver National Speleological
Society Bulletin. 16, 71-76.

Moore, J. G. (1964). Giant submarine landslides on the Hawaiian Ridge. United States Geological Survey
Professional Paper. 501-D, D95-D98.

Moore, J. G. and Moore, G. W. (1984). Deposit from a giant wave on the island of Lanai, Hawaii. Scienc
226, 1312-1315.
Moore, J. G, Clague, D. A., Holcomb, R T., Lipman, P. W., Normark, W. R and Torresan, M. E. (1989).
Prodigious submarine landslides on the Hawaiian Ridge. Journal of Geophysical Research. 94, 1746517484.
Moore, J. G, Normark, W. R. and Holcomb, R. T. (1994). Giant Hawaiian landslides. Annual Review of
Earth and Planetary Sciences. 22, 119-144.

Murray-Wallace, C. V. and Belperio, A. P. (1991). The last interglacial shoreline in Australia - a revi
Quaternary Science Reviews. 10, 441-461.

284

Muller, G. (1997). W a v e impact pressure propagation into cracks. Proceedings of the Institution of Civil
Engineers-Water Maritime & Energy. 124, 79-85.
Neumann, A. C. (1966). Observations on coastal erosion in Bermuda and measurement of the boring rate of
the sponge Cliona lampa. Limnology Oceanography. 11, 92-108.
Neumann, A. C. (1972). Quaternary sea level history of Bermuda and the Bahamas. 2nd Annual Conference
of the American Quaternary Association Abstracts. 41-44.
Neumann, A. C. and Macintyre, I. (1985). Reef response to sea level rise: keep-up, catch-up or give-up.
Proceedings of the 5th International Coral Reef Congress. 3,105-110.

Norris, R. M. and Back, W. (1990). Erosion of seacliffs by groundwater. In: C. G. Higgins and D. R. Coat
(Eds). Groundwater Geomorphology. Geological Society of America. Special Paper 252. 283-290.

Nott, J. F. (1990). The role of sub-aerial processes in sea cliff retreat; a south east Australian examp
Zeitschrift fur Geomorphologie. 34, 75-85.

Nott, J., Young, R. and McDougall, I. (1996). Wearing down, wearing back, and gorge extension in the long
term denudation of a highland mass: quantitative evidence from the Shoalhaven catchment, southeast
Australia. The Journal of Geology. 104, 224-232.

Nunn, P. D. (1984a). Review of evidence for Late Tertiary shorelines occurring on South Atlantic coasts.
Earth-Science Reviews. 20, 185-210.

Nunn, P. D. (1984b). Occurrence and ages of low-level platforms and associated deposits on South Atlanti
coasts: appraisal of evidence for regional Holocene high sea level. Progress in Physical Geography. 8,
32-60.

Nunn, P. D. (1990a). Coastal processes and landforms of Fiji: Their bearing on Holocene sea-level change
the South and West Pacific. Journal of Coastal Research. 6, 279-310.
Nunn, P. D. (1990b). Coastal geomorphology of Beqa and Yanuca Islands, South Pacific Ocean, and its
significance for the tectonic history of the Vatulele-Beqa Ridge. Pacific Science. 44, 348-365.
Nunn, P. D. (1993). Role of Porolithon algal-ridge growth in the development of the windward coast of
Tongatapu Island, Tonga, South Pacific. Earth Surface Processes and Landforms. 18,427-439.
Nunn, P. D. (1994). Oceanic Islands. Blackwell. Oxford.

Nunn, P. D. (1995). Holocene tectonic histories for five islands in the south-central Lau group, South P
The Holocene. 5, 160-171.
Nunn, P. D. (1999). Environmental Change in the Pacific Basin: Chronologies, Causes, Consequences. John
Wiley & Sons. Chichester.

Oilier, C. D. (1984). Geomorphology of South Atlantic Volcanic Islands. Part I: The Tristan da Cunha Gro
Zeitschrift fur Geomorphologie. 28, 367-382.

Oilier, G, Cochonat, P., Lenat, J. F. and Lazabuy, P. (1998). Deep-sea volcaniclastic sedimentary systems
example from La Fournaise volcano, Reunion Island, Indian Ocean. Sedimentology. 45, 293-330.
Ongley, M. (1940). Note on coastal benches formed by spray weathering. New Zealand Journal of Science
and Technology. 22, 34b-35b.

285

Ota, Y., Pillans, B., Berryman, K., Fujimori, T., Miyauchi, T. and Berger, G. (1996). Pleistocene coastal
terraces of Kaikoura Peninsula and Marlborough Coast, South Island N e w Zealand. N e w Zealand
Journal of Geology and Geophysics. 39, 51-73.

Palmstram, A. (1996a). Characterizing rock masses by the RMi for use in practical rock engineering. Par
The development of the Rock Mass index (RMi). Tunnelling and Underground Space Technology. 11,
175-188.

Palmstram, A. (1996b). Characterizing rock masses by the RMi for use in practical rock engineering. Par
Some practical applications of the Rock Mass index (RMi). Tunnelling and Underground Space
Technology. 11,

Phillips, B. M. (1970). Effective levels of marine planation on raised and present rock platforms. Revu
Geographie Montreal. 24, 227-240.
Pickard, J. (1983). Vegetation of Lord Howe Island. Cunninghamia. 1, 133-266.

Pillans, B., Chappell, J. and Naish, T. R. (1998). A review of the Milankovitch climate beat: template fo
Pleistocene sea-level changes and sequence stratigraphy. Sedimentary Geology. 122, 5-21.
Pirazzoli, P. A. (1986). Marine notches. In: O. Van de Plassche (Ed). Sea-level Research: a manual for
collection and evaluation of data. Geo Books. Norwich. 361-400.

Plummer, L. N. (1975). Mixing of seawater with calcium carbonate groundwater. In: E. H. T. Whitten (Ed)
Quantitative studies in the geological sciences. Geological Society of America Memoir. 142. 219-236.
Poole, R. W. and Farmer, I. W. (1980). Consistency and repeatability of Schmidt Hammer rebound data
duringfieldtesting. International Journal of Rock Mechanics and Geomechanics. 17, 167-171.
Price, D. M., Brooke, B. P. and Woodroffe, C. D. (2001). Thermoluminescence dating of aeolianites from
Lord H o w e Island and South-West Western Australia. Quaternary Science Reviews. 20, 841-846.
Quilty, P. G. (1993). Tasmantid and Lord Howe seamounts: biostratigraphy and palaeoceanographic
significance. Alcheringa. 17, 27-53.
Ramkema, C. (1978). A model law for wave impacts on coastal structures. Proceedings of the 17th
Conference of Coastal Engineering. 2308-2327.

Ramsay, A. C. (1846). On the denudation of South Wales and the adjacent countries of England. Geologica
Survey of Great Britain Memorandum. 1, 297-335.
Reffell, G. (1978). Descriptive Analysis of the Subaqueous Extensions of Subaerial Rock Platforms. BA
Thesis. University of Sydney. Sydney.
Richthofen, F. v. (1886). Fiihrer fur Forschyngsreisende. Janecke. Hannover. (Cited by Cotton, 1969b).
Robinson, L. A. (1977). Marine erosive processes at the cliff foot. Marine Geology. 23, 257-271.

Rodriguez-Navarro, C, Doehne, E. and Sebastian, E. (1999). Origins of honeycomb weathering: The role of
salts and wind. Bulletin of the Geological Society of America. Ill, 1250-1255.
Ross, C. W. (1955). Laboratory study of shock pressures of breaking waves. U. S. Army Beach Erosion
Board, Technical Memorandum. 59.
Rouville, A. d., Besson, P. and Petry, P. (1938). Etat actuel des etudes internationals sur les efforts
Annales Points Chaussess. 108, 5-113. (Cited by Trenhaile, 1987).

Rubin, K. H., Fletcher, C. H. and Sherman, C. (2000). Fossiliferous Lana'i deposits formed by multiple events
rather than a single giant tsunami. Nature. 408, 675-681.

Rust, D. and Neri, M. (1996). The boundaries of large-scale collapse on the flanks of Mount Etna, Sicily.
W . J. McGuire, A. P. Jones and J. Neubeg (Eds). Volcano Instability on the Earth and Other Planets.
Geological Society of London, Special Publication. London. 193-208.

Sainflou, M. (1928). Essai sur les digues maritimes verticales. Annates Points Chaussess. 98, 5-48. (Cite
Sunamura, 1992).
Sanders, N. K. (1968a). The Development of Tasmanian Shore Platforms. PhD Thesis. University of
Tasmania. Hobart.
Sanders, N. K. (1968b). Wave tank experiments on the erosion of rocky coasts. Papers and Proceedings of
Royal Society of Tasmania. 102, 11-16.
Schmidt, E. (1951). A non-destructive concrete tester. Concrete. 59, 34-35.

Sebens, K. P. (1985). Community ecology of vertical rock walls in the Gulf of Maine, U.S.A.: small-scale
processes and alternative community states. In: P. G. Moore and R. Seed (Eds). The Ecology of Rocky
Coasts. Hodder and Stoughton. London. 346-371.

Selby, M. J. (1980). A rock mass strength classification for geomorphic purposes: with tests from Antarc
and N e w Zealand. Zeitschrift fur Geomorphologie. 24, 31-51.
Selby, M. J. (1993). Hillslope Materials and Processes. 2nd Edition. Oxford University Press. Oxford.
Seymour (1989). Unusual damage from a Californian storm. Shore and Beach. 57, 31.

Shackleton, N. J. (1987). Oxygen isotopes, ice volume and sea level. Quaternary Science Reviews. 6, 183190.

Shackleton, N. J., Hall, M. A. and Pate, D. (1995). Pliocene stable isotope stratigraphy of ODP Site 846
Proceedings of the O D P , Science Results. 138, 337-353.

Shepard, F. P. and Kuhn, G. G. (1983). History of sea arches and remnant stacks of La Jolla, California,
their bearing on similar features elsewhere. Marine Geology. 51, 139-161.
Singh, B. and Goel, R. K. (1999). Rock Mass Classification - A Practical Approach in Civil Engineering.
Elsevier.
Sjoberg, R. and Broadbent, N. (1991). Measurement and calibration of weathering, using the Schmidt
H a m m e r , on wave washed moraines on the Upper Norrland Coast, Sweden. Earth Surface Processes
and Landforms. 16, 57-64.

So, C. L. (1965). Coastal platforms of the Isle of Thanet, Kent. Transactions of the Institute of Britis
Geographers. 37, 147-156.
Sparks, B. W. (1972). Geomorphology. 2nd Edition. Longman. London.
Spencer, T. (1985). Weathering rates on a Caribbean Reef Limestone: results and implications. Marine
Geology. 69, 195-201.

Squires, D. F. (1963). Carbon-14 dating of the fossil dune sequence, Lord Howe Island. Australian Journa
Science. 25,412-413.

287

Standard, J. C. (1963). Geology of Lord H o w e Island. Journal and Proceedings, Royal Society of N e w South
Wales. 96, 107-121.

Stearns, H. T. (1935). Shore benches on the island of Oahu, Hawaii. Bulletin of the Geological Society
America. 46, 1467-1482.
Stephenson, W. J. (1997). Development of Shore Platforms on Kaikoura Peninsula, South Island, New
Zealand. P h D Thesis. University of Canterbury. Christchurch.

Stephenson, W. J. and Kirk, R. M. (1998). Rates and patterns of erosion on inter-tidal shore platforms
Kaikoura Peninsula, South Island, N e w Zealand. Earth Surface Processes and Landforms. 23, 10711085.

Stephenson, W. J. (2000). Shore platforms: A neglected coastal feature? Progress in Physical Geography.
311-327.

Stephenson, W. J. and Kirk, R. M. (2000a). Development of shore platforms on Kaikoura Peninsula, South
Island, N e w Zealand. Part One: The role of waves. Geomorphology. 32, 21-41.

Stephenson, W. J. and Kirk, R. M. (2000b). Development of shore platforms on Kaikoura Peninsula, South
Island, N e w Zealand. II: The role of subaerial weathering. Geomorphology. 32, 43-56.

Stirling, H., Esat, T. M„ Lambeck, K., McCulloch, M. T., Blake, S. G, Lee, D. C. and Halliday, A. N. (20
Orbital forcing of the marine isotope stage 9 interglacial. Science. 291, 290-293.

Stoddart, D. R., Spencer, T. and Scoffin, T. P. (1985). Reef growth and karst erosion on Mangaia, Cook
Islands: a reinterpretation. Zeitschrift fur Geomorphologie, Supplementband. 57, 121-140.
Stone, J., Lambeck, K., Fifield, L. K., Evans, J. M. and Cresswell, R. G. (1996). A Lateglacial age for
Main Rock Platform, western Scotland. Geology. 24, 707-710.

Sunamura, T. (1975). A laboratory study of wave-cut platform formation. Journal of Geology. 83, 389-397

Sunamura, T. (1976). Feedback relationship in wave erosion of laboratory rocky coast. Journal of Geolog
84, 427-437.

Sunamura, T. (1977). A relationship between wave-induced cliff erosion and erosive force of waves. Jour
of Geology. 85, 613-618.

Sunamura, T. (1978). Mechanisms of shore platform formation on the southeastern coast of the Izu Penins
Japan. Journal of Geology. 86, 211-222.

Sunamura, T. (1982). A wave tank experiment on the erosional mechanism at a base. Earth Surface Process
and Landforms. 7, 333-343.
Sunamura, T. (1991). The elevation of shore platforms: a laboratory approach to the unsolved problem.
Journal of Geology. 99, 761-766.
Sunamura, T. (1992). Geomorphology of Rocky Coasts. John Wiley & Sons. Chichester.
Sunamura, T. (1994). Rock control in coastal geomorphic processes. Transactions - Japanese
Geomorphological Union. 15,253-272.

Sutherland L. and Ritchie, A. (1974). Defunct volcanoes and extinct horned turtles. Australian Natural
History. 18,44-49.

288

Suzuki, T. (1982). Rate of lateral planation by Iwaki River, Japan. Transactions of the Japanese
Geomorphological Union.
Tabrett, D. (1999). Evolution of the Lord Howe Volcano. BSc Hons Thesis. MacQuarie University. Sydney.
Takahashi, T. (1977). Shore Platforms in Southwestern Japan - Geomorphological Study. Coastal Landform
Study Society, Southwestern Japan. Osaka.
Tanaka, Y. (1970). On the measurement of the crack quantity in rocks by the elastic wave velocity.
Engineering Geology. 11, 1-7. (In Japanese, cited by Tsujimoto, 1987).
Terzaghi, K. (1962). Stability of steep slopes on hard unweathered rocks. Geotechnique. 12, 251-270.

Thom, B. G, Bowman, G. M. and Roy, P. S. (1981). Late Quaternary evolution of coastal sand barriers, Po
Stephens - Myall Lakes area, central N e w South Wales, Australia. Quaternary Research. 15, 345-364.

Thom, B. G. and Roy, P. S. (1985). Relative sea levels and coastal sedimentation in southeast Australia
Holocene. Journal of Sedimentary Petrology. 55, 257-264.
Thom, B. G. and Murray-Wallace, C. V. (1988). Geological note: Last Interglacial (Stage 5e) estuarine
sediments at Largs, N e w South Wales. Australian Journal of Earth Sciences. 35, 571-574.

Tibaldi, A. (1996). Mutual influence of dyking and collapses at Stromboli volcano, Italy. In: W. J. McG
A. P. Jones and J. Neubeg (Eds). Volcano Instability on the Earth and Other Planets. Geological
Society of London, Special Publication. London. 55-63.

Trenhaile, A. S. (1974). The geometry of shore platforms in England and Wales. Transactions of the Inst
of British Geographers. 62, 129-142.

Trenhaile, A. S. and Layzell, M. G. J. (1981). Shore platform morphology and the tidal duration factor.
Transactions, Institute of British Geographers. 6, 82-102.

Trenhaile, A. S. (1983). The width of shore platforms: a theoretical approach. Geografiska Annaler, Ser
65A, 147-158.
Trenhaile, A. S. (1987). The geomorphology of rock coasts. Clarendon Press. Oxford.

Trenhaile, A. S. (1989). Sea Level Oscillations and the Development of Rock Coasts. In: V. C. Lakhan an
S. Trenhaile (Eds). Applications in Coastal Modeling. Elsevier. Amsterdam. 271-294.
Trenhaile, A. S. (1997). Coastal Dynamics and Landforms. Clarendon Press. Oxford.

Trenhaile, A. S., Pepper, D. A., Trenhaile, R. W. and Dalimonte, M. (1998). Stacks and notches at Hopewe
Rocks, N e w Brunswick, Canada. Earth Surface Processes & Landforms. 23, 975-988.
Trenhaile, A. S., Alberti, A. P., Cortizas, A. M., Casais, M. C. and Chao, R. B. (1999). Rock coast
inheritance: A n example from Galicia, northwestern Spain. Earth Surface Processes & Landforms. 24,
605-621.
Trenhaile A. S. (1999). The width of shore platforms in Britain, Canada, and Japan. Journal of Coastal
Research. 15, 355-364.

Trenhaile A. S. (2000). Modeling the development of wave-cut shore platforms. Marine Geology. 166, 163178.

Trenhaile, A. S. (2001a). Modeling the effect of late Quaternary interglacial sea levels on wave-cut shore
platforms. Marine Geology. 172, 205-223.

Trenhaile, A. S. (2001b). Modeling the effect of weathering on the evolution and morphology of sho
platforms. Journal of Coastal Research. 17, 398-406.

Trenhaile, A. S. (2001c). Modelling the Quaternary evolution of shore platforms and erosional conti
shelves. Earth Surface Processes and Landforms. 26, 1103-1128.

Trudgill, S. T. (1976). The marine erosion of limestones on Aldabra Atoll, Indian Ocean. Zeitschri
Geomorphologie, Supplementband. 26, 164-200.

Trudgill, S., High, C. J. and Hanna, F. K. (1981). Improvements to the micro-erosion meter. Britis
Geomorphological Research Group Technical Bulletin. 29, 3-17.

Tsujimoto, H. and Sunamura, T. (1984). A wave tank experiment of the formation of shore platforms.
Bulletin of the Environmental Resource Center, Tsukuba University. 8, 45-48. (In Japanese, cited by
Tsujimoto, 1987).

Tsujimoto, H. (1987). Dynamic conditions for shore platform initiation. Science Reports of the Inst
Geoscience, University of Tsukuba. A 8 , 45-93.
Urgeles, R., Canals, M., Baraza, J. and Alonso, B. (1998). Seismostratigraphy of the western flanks
Hierro and La Palma (Canary Islands): a record of Canary Islands volcanism. Marine Geology. 146,
225-241.

Urgeles, R., Canals, M. and Masson, D. G. (2001). Flank stability and processes off the western Ca
Islands: a review from El Hierro and La Palma. Scientia Marina. 65 (Supplement 1), 21-31.
Vail, P. R. and Hardenbol, J. (1979). Sea-level changes during the Tertiary. Oceanus. 22, 71-79.

Van Donk, J. (1976). O18 record of the Atlantic Ocean for the entire Pleistocene period. In: R. M. C
D. Hays (Eds). Investigation of Late Quaternary Paleoceanography and Paleoclimatology. Geological
Society of America Memoir. 145. 147-163.

Veeh, H. H. (1966). Th230/U238 and TJ234/U238 ages of Pleistocene high sea level stand. Journal of Geoph
' Research. 71,3379-3386.
Wallace, A. R. (1895). Island Life. 2nd. Macmillan. London.

Watts, A. B. and Masson, D. G. (1995). A giant landslide on the north flank of Tenerife, Canary Is
Journal of Geophysical Research. 100, 24487-24498.

Wentworth, C. K. and Palmer, H. S. (1925). Eustatic bench of the islands of the north Pacific. Bull
Geological Society of America. 36, 521-544.

Wentworth, C. K. (1927). Estimates of marine and fluvial erosion in Hawaii. Journal of Geology. 35
133.
Wentworth, C. K. (1938). Marine bench-forming processes: water-level weathering. Journal of
Geomorphology. 1, 6-32.
Wentworth, C. K. (1939). Marine bench-forming processes. II, Solution benching. Journal of
Geomorphology. 2, 3-25.
Whittow, J. B. (1984). The Penguin Dictionary of Physical Geography. Penguin. London.

290

Williams, W . W . (1956). A n east coast survey: some recent changes in the coast of East Anglia. Geographical
Journal. 122, 317-334.

Wood, A. (1959). The erosional history of the cliffs around Aberystwyth. Liverpool and Manchester Geolo
Journal. 2, 271-287.

Woodroffe, C. D., Murray-Wallace, C. V., Bryant, E. A., Brooke, B., Heijnis, H. and Price, D. M. (1995)
Late Quaternary sea-level highstands in the Tasman Sea: evidence from Lord H o w e Island. Marine
Geology. 125,61-72.

Woodroffe, C. D., Kennedy, D. M., Jones, B. G. and Phipps, C. V. G. (submitted). Morphology and evoluti
of the southernmost atolls, Middleton and Elizabeth Reefs, southwestern Pacific. Coral Reefs.
Wright, L. W. (1967). Some characteristics of the shore platforms of the English Channel Coast and the
northern part of the North Island of N e w Zealand. Zeitschrift fur Geomorphologie. 11, 36-46.
Wright, L. W. (1969). Shore platforms and mass movement: a note. Earth Science Journal. 3, 44-50.

Wright, L. W. (1970). Variation in the level of the cliff/shore platform junction along the south coast
Britain. Marine Geology. 9, 347-353.
Yaalon, D. H. and Singer, S. (1974). Vertical variation in strength and porosity of calcrete (Nari) on
Shefela, Israel and interpretation of its origin. Journal of Sedimentary Petrology. 144, 1016-1023.
Yamamoto, K., Sunamura, T. and Uda, T. (1990). Experimental study on pressure rise in rock fissure due
wave action. Proceedings of Coastal Engineering, Japan Society of Civil Engineers. 37, 314-318. (In
Japanese, cited by Sunamura, 1994).
Yokoyama, Y., Esat, T. M. and Lambeck, K. (2001a). Last glacial sea-level change deduced fromuplifted
coral terraces of Huon Peninsula, Papua N e w Guinea. Quaternary International 83-85. 83-85, 275-283.

Yokoyama, Y., De Deckker, P., Lambeck, K., Johnston, P. and Fifield, L. K. (2001b). Sea-level at the La
Glacial M a x i m u m : evidence from northwestern Australia to constrain ice volumes for oxygen isotope
stage 2. Palaeogeography, Palaeoclimatology, Palaeoecology. 165, 281-297.
Young, R. W. (1972). Shore platform cut in latite: Cathedral Rocks, KiamaN.S.W. The Australian
Geographer. 12, 49-50.

Young, R. P. and Fowell, R. J. (1978). Assessing rock discontinuities. Tunnels & Tunnelling. 10, 45-48.

Young, R. W. (1983). The tempo of geomorphological change: evidence from southeastern Australia. Journal
of Geology. 91,221-230.

Young, R. W. and McDougall, I. (1985). The age, extent, and geomorphological significance of the Sassafr
basalt, southeastern N e w South Wales. Australian Journal of Earth Science. 32, 323-331.

Young, R. W. and Bryant, E. A. (1992). Catastrophic wave erosion on the southeastern coast of Australia
impact of the Lanai tsunamis ca. 105 ka? Geology. 20, 199-202.

Young, R. W. and Bryant, E. A. (1993). Coastal rock platforms and ramps of Pleistocene and Tertiary age
Southern N e w South Wales, Australia. Zeitschrift fur Geomorphologie. 37, 257-272.

Young, R. W., Bryant, E. A. and Price, D. M. (1993). Last interglacial sea levels on the south coast of
South Wales. Australian Geographer. 24, 72-75.

291

Young, R. W . and Wray, R. A. L. (2000). Contribution to the theory of scarpland development from
observations in central Queensland, Australia. Journal of Geology. 108, 705-719.
Zenkovitch, V. P. (1967). Processes of Coastal Development. Oliver & Boyd. Edinburgh.

Zhang, S. G., Yue, D. K. P. and Tanizawa, K. (1996). Simulation of plunging wave impact on a vertical
Journal of Fluid Mechanics. 327, 221-254.

292

Appendix A - Correction of Schmidt H a m m e r rebound values for non-horizontal impacts (Day and
Goudie, 1977, p25).
r value

10
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

90° Ch)

45° (K7I)

90° (vl/)

45° (*lfc)

2.4

3.2
3.3

2.45
2.46
2.47
2.48
2.49
-5.4
-5.33
-5.26
-5.19
-5.12
-5.05
-4.98
-4.91
-4.84
-4.77
-4.7
-4.62
-4.54
-4.46
-4.38
-4.3
-4.22
-4.14
-4.06
-3.98
-3.9
-3.82
-3.74
-3.66
-3.58
-3.5
-3.42
-3.34
-3.26
-3.18
-3.1
-3.02
-2.94
-2.86
-2.78
-2.7
-2.62
-2.54
-2.46
-2.38
-2.3

-3.5
-3.46
-3.42
-3.38
-3.34
-3.3
-3.26
-3.22
-3.18
-3.14
-3.1
-3.05

-3
-2.95
-2.9
-2.85
-2.8
-2.75
-2.7
-2.65
-2.6
-2.55
-2.5
-2.45
-2.4
-2.35
-2.3
-2.25
-2.2
-2.15
-2.1
-2.05

-2
-1.95
-1.9
-1.85
-1.8
-1.75
-1.7
-1.65
-1.6

3.32
3.34
3.36
3.38

2.5

3.4

2.48
2.46
2.44
2.42

3.37
3.34
3.31
3.28
3.25
3.22
3.19
3.16
3.13

2.4
2.38
2.36
2.34
2.32

2.3

3.1

2.27
2.24
2.21
2.18
2.15
2.12
2.09
2.06
2.03

3.06
3.02
2.98
2.94

2.9
2.86
2.82
2.78
2.74

2

2.7

1.96
1.92
1.88
1.84

2.65

1.8

2.45

1.76
1.72
1.68
1.64

2.6
2.55

2.5
2.4
2.35

2.3
2.25

1.6

2.2

1.57
1.54
1.51
1.48
1.45
1.42
1.39
1.36
1.33

2.15

1.3

1.7

2.1
2.05

2
1.95

1.9
1.85

1.8
1.75

Appendix B -p values for Chauvenet's criterion (Goktan and Ayday, 1993)

n
2
3
4
5
6

P
1.15
1.38
1.54
1.65
1.73

n
7
8
9
10
12

P
1.80
1.86
1.91
1.96
2.04

n
15
20
25
30
35

P
2.13
2.24
2.33
2.40
2.45

n
50
100
250
500
1000

P
2.58
2.81
3.09
3.29
3.48
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